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Thus  p1int  nutrients  could  potentially  be  rapidly  and  completely  lost 
from  the  soil.  The  rate  of  irrigation  application  had  little  effect  on 
the  magnitude  of  ion  loss.  Lateral  novemenc  in  the  ground«ater  to  the 
lake  likeMise  was  very  rapid. 

Hounding  of  water  was  observed  to  occur  at  the  water  table  surface. 
There  was  essentially  little  nonvertical  flow  to  the  water  table,  and 
horizontal  wave  movement  toward  the  lake  was  rapid,  despite  the  essen- 
tially flat  water  cable  extending  more  than  50  meters  frcm  the  lake. 

The  effect  of  the  acid  treatments  from  a very  large  rain  event  could 
be  observed  chemically  and  physically  in  the  groundwater  near  the  lake 
within  24  hours  by  sampling  transect  wells. 

Laboratory  studies  on  sealed  soil  columns  under  saturated  water  flow 
conditions  at  pH  3.0,  3.7.  and  4.7  showed  ion  movement  cheracterlstics 
very  similar  to  those  observed  in  the  field.  The  effect  of  acid  rain 
was  not  long  lasting  and  the  soils  recovered  to  normal  soil  leachate 
chemistry  within  96  hours.  Calcium  vms  the  dominant  nutrient  in  the 
system  and  showed  the  greatest  magnitude  of  loss.  Magnesium,  however, 
exhibited  the  greatest  percentage  loss  from  the  rooting  zone.  Potassium 
showed  lower  but  continual  loss.  Sulfate  adsorption  was  clearly  ob- 
served. Aluminum  shewed  increased  concentration  in  soil  leachates  with 
the  more  acid  treatments  at  the  IS  cm  depth.  However,  more  than  SOI 
of  the  A1  was  imiobilized  at  75  cm  depth.  Reduction  in  the  percent  of 
the  base  saturation  varied  with  element  and  treatment.  Total  and  net 
elemental  losses  showed  close  agreement  between  field  and  column  studies. 
Total  field  losses  for  the  3.7  pH  and  3.0  pH  totalled  STS  and  297  kg/ha, 
respectively,  with  the  laboratory  showing  6SS  and  182  kg/ha,  respectively. 
Over  a two  year  period,  field  losses  at  IS  and  7S  cm  were  881  of  losses 
from  laboratory  column  studies. 


CHAPTER  1 
IMTRODUCTION 


Ac1d  precipitation  is  now  recognized  as  a major  problem  of  Inter- 
national dimensions.  Although  serious  ecological  impacts  of  the 
phenomenon  are  commonly  thought  to  be  a problem  and  product  of  the 
industrial  north,  recent  studies  have  demonstrated  the  occurrence  of 
acid  rain  in  such  diverse  areas  as  California,  the  Pacific  Northwest, 
Colorado,  and  Florida.  The  phenomenon  is  of  special  interest  to  Florida. 
The  soils  of  northern  and  centra!  Florida  are  very  sandy  and  Tech  sig- 
nificant buffering  capacities.  Soft-water  lalces  that  occupy  shallow 
depressions  in  sand  bills  reflect  the  characteristics  of  the  soils  and 
are  low  in  buffering  capacity.  Thus  both  terrestrial  and  aquatic 
ecosystams  in  northern  and  central  Florida  are  highly  susceptible  to 
acidification  from  atmospheric  Inputs.  Several  recent  surveys  (e.g. , 
McFee,  1980i  Xiopatek  et  al.,  1980)  have  recognized  parts  of  northern 
Florida  to  be  highly  sensitive  toward  the  effects  of  acid  precipitation. 
Florida  is  also  one  of  the  most  rapidly  growing  states  in  tenns  of 
population.  Since  the  acidity  of  Florida  rainfall  has  been  shown  to 
be  derived  primerily  from  in-state  emissions  of  SO^  and  NOj^  (Srezonik 
et  a1.,  1981).  the  danographic  trends  imply  that  acidic  emissions, 
and  hence  acid  precipitation,  are  likely  to  increase  in  intensity  over 
the  coming  decades.  This  trend  is  compounded  by  both  the  switch  from 
oil-fired  and  natural  gas-fired  power  plants  to  coal-fired  plants  and 


the  increasing  tendency  to  construct  power  plants  inland,  rather  than 
at  coastal  locations.  Acid  precipitation  is  also  of  special  interest 
in  Florida  because  the  econonv  of  the  state  is  tied  closely  to  tourism 
and  recreational  activities. 

Soils  that  are  considered  to  be  most  sensitive  have  lou  cation 
exchange  capacities  (below  S meq/100  g),  low  fertility  status,  pH's 
above  5,  and  no  free  CaCO^.  This  soil  description  fits  a relatively 
iinportant  group  of  soils  in  Florida  and  surrounding  southeastern  states. 
For  example,  the  largest  acreage  of  citrus  production  in  Florida  is  on 
the  'sand  hi11s  of  centra!  Florida."  It  Is  estimated  that  400,000 
acres  of  citrus  worth  1/2  billion  dollars  are  produced  on  soils  of  this 
type.  Acid  precipitation  could  remove  significant  quantities  of  bases 
from  these  soils. 

The  second  largest  potentially  damaging  effect  of  acid  prKipita- 
tion  on  Florida  soils  would  be  in  the  area  of  forestry.  The  tiuter 
industry  in  Florida  is  largely  located  in  the  centra!  to  northern 
sections  of  the  state.  At  the  present  time,  most  forest  production  is 
on  flatwoods  soils  (spodosols);  however,  the  industry  is  strongly  con- 
sidering expansion  of  tree  plantings  to  sand  hills.  Since  the  sand- 
hill soils  have  lower  native  fertility  and  are  drier,  they  have  pre- 
viously been  considered  uneconomical  for  forestry  production.  Hith 
higher  pressure  for  forest  products,  the  industry  is  beginning  Co  use 
these  problem  soils.  Losses  of  bases  from  these  soils  would  be  par- 
ticularly damaging  to  productivity  in  that  the  basic  nutrients  are  not 
applied  in  forest  production.  Declines  in  productivity  would  be  expected 
and  could  be  devastating  to  the  wood,  pulp,  and  paper  industry. 


In  addition,  newer  nethods  of  whole  tree  harvesting  are  now  being 
practiced  by  the  forestry  industry.  This  method  removes  all  the  above- 
ground vegetation  and  thus  removes  an  important  recycling  component 
from  the  systepti  Large  quantities  of  Ca,  Kg,  and  K which  normally  are 
recycled  from  previously  unused  plant  residues  would  be  lost  from  the 
soil.  Additional  losses  of  plant  nutrients  by  leaching  with  acid  pre- 
cipitation would  further  decrease  forvst  production. 

The  damage  to  sand  hill  lake  ecosystems  is  more  obvious.  With  no 
external  input  of  bases  to  these  systems,  a general  nutrient  supply 
depletion  and  increased  acidification  will  occur.  Soil-plant  relation- 
ships and  lake  chemistry  will  be  altered. 

Acid  rain  ray  also  lead  to  alterations  of  microbiological  pro- 
cesses In  soils.  Those  of  most  concern  are  N transformation  in  soils 
(Alexander,  ISSO).  Huch  of  the  data  available  on  the  impact  of  acid 
rain  on  soil  microbiological  processes  have  been  obtained  through 
laboratory  studies  (Bryant  it  al.,  1979:  Strayer  and  Alexander,  1981). 
However,  little  is  known  about  the  effects  of  acid  nain  on  soil  microbial 
activity  under  field  and  laboratory  condi.ions.  Effects  on  microbial 
activity  and  plant  roots  are  just  presently  being  researched. 

Acid  precipitation  may  also  affect  the  aquatic  environment.  In 
aquatic  systems,  acid  rain  may  affect  bacteria,  phytoplankton,  zoo- 
plankton, and  fish  populations  as  well  as  an  alteration  of  predator-prey 
relationships.  Lakes  may  also  be  subjected  to  toxic  concentrations  of 
Al  and  other  metals  leaching  from  the  surrounding  watersheds  (Cronan 


and  Schofield,  1979;  Hendry  et  al.,  197S;  Wright  and  fijessing,  1978). 
Thus,  the  impact  of  acid  precipitation  on  terrestrial  environments  may 


result  in  chemical  and  biological  alterations.  Chemical  alterations 
may  consist  of  leaching  of  essential  alkaline  cations  with  subsequent 
eventual  decrease  in  soil  fertility  and  productivity  as  well  as  release 
of  heavy  metals  and  aluminum  Impacting  groundieter  and  surface  water 
environments  [Babich  et  a1..  1980j  Cronan  et  a1.,  1976;  Uafnwrlght, 

IS80;  Cole  and  Johnson,  1977;  Frink  and  Voigt,  1977;  Maimer.  1976). 

Soils  have  been  identified  as  the  "natural  Integrator"  of  the 
effects  of  acid  deposition  on  terrestrial  and  aquatic  ecosystems. 
Biamjnation  of  specific  effects  of  acid  deposition  on  soils  is  a very 
complex  problem  primarily  due  to  the  incredibly  diverse  nature  of  soils 
with  regard  to  chemical,  physical,  and  mineralogical  properties.  The 
diverse  nature  of  soils  has  led  Investigators  to  look  for  cofimon  denomi- 
nators among  soil  properties  that  will  give  insight  as  to  short-term  as 
well  as  long-term  effects  of  acid  rain.  Soil  properties  such  as  pH, 
base  exchange  capacity,  cation  exchange  capacity,  exchangeable  metals, 
anion  sorption  capacity  (particularly  for  SO^).  hydraulic  conductivity, 
soil  depth,  depth  to  the  water  table,  and  type  of  bedrock  are  important 
to  any  consideration  of  detrimental  effects  caused  by  acid  deposition, 
These  parameters  are  often  ranked  as  to  importance  by  only  educated 
guesses  based  on  data  that  are  usually  not  directly  related  to  acid 
deposition.  Maps  of  the  U.S.  have  been  developed  using  these  parameters 
In  order  to  divide  landscapes  into  so-called  sensitive  or  non-sensitive 
soil  areas. 

To  date,  research  studies  to  quantify  effects  of  acid  rain  on  soils 
are  very  limited  and  all  suffer  from  a problem  of  non-uniform  experi- 
mental conditions  (used  by  different  investigators).  Thus  comparison 


of  data  from  different  soils  is  often  difficult  and  differences  in 
observed  effects  of  acid  rain  may  be  a result  of  nethodolojy  rather 
than  "true"  soil  differences.  In  addition,  field  and  laboratory  studies 
at  different  locations  frequently  use  different  acid  rain  "formulas," 
different  water  leaching  rates,  and  certainly  different  quality  control 
techniques. 

Ion-exchange  during  miscible  displaceinent  of  acid  rain  through  soil 
results  in  a mass  transfer  of  ions  between  soil  colloids  and  the  ncving 
soil  solution.  This  is  probably  the  single  most  important  process 
influencing  the  rate  of  ion  migration  during  water  flow  through  soils. 
Adsorption  (desorption)  of  one  counterion  must  be  accompanied  by  a 
stoichiometric  desorption  (adsorption)  of  a counterion.  Thus,  the 
equilibrium  exchange  isothemrfor  an  ion  in  aqueous  contact  with  an 
exchanger  (soil)  would  depend  on  the  solution  concentrations  of  both 
the  contacting  species  and  the  species  initially  saturating  the  ex- 
changer. Because  these  latter  cations  are  necathetically  adsorbed 
(desorbed)  during  transport  of  a counterion,  they  are  always  present 
in  the  transport  behavior  of  the  counterion. 

Miscible  displacmnent  experiments  using  soil  colianns  have  been 
used  successfully  to  evaluate  mobility  and  sorption-desorption  for 
phosfAate,  nitrogen,  pesticides,  and  toxic  organic  compounds  for  many 
soils.  The  technique  for  acid  rain  studies  would  be  similar. 

Systematic  comparisons  of  a variety  of  parameters  with  respect  to 
Important  physico-chemical  parameters  including  sulfate  adsorption 
ability,  exchange  capacity,  base  saturation,  permeability,  type  and 
percent  clay,  and  organic  matter  content  and  extractable  acidity  are 


n««ded.  A soil  collected  with  the  above  parasieters  in  o1nd  would  be 
subjected  to  acid  rain  leachinj  studies  at  different  pH  values  for  the 
treatnents  and  an  acid  ratio  of  70:30  H^SO^iHHO^  (v/v)  including  in- 
creased simulated  canopy  thraughfall  concentrations  of  ocher  ions. 
Steady  water  flux  would  be  maintained  for  each  column.  A complementary 
field  study  of  larger  scale  would  provide  the  n.>tura1  setting  for  data 
collection. 

Leachates  from  soil  columns  and  field  samplers  could  be  quantified 
for  important  ions  such  as  Ca,  Mg,  Al,  SO.,  H,  various  M forms,  and 
soluble  salts.  Having  properly  characteriied  the  soil  properties  and 
correlating  these  with  appropriate  leachate  parameters  would  allow  for 
calculation  of  ion  mobilities  and  rass  balances. 

Thus  soils  play  a key  role  in  ecosystems.  It  is  one  of  their  most 
stable  components  and,  when  cunbfned  with  climate,  soils  define  ter- 
restrial productivity  limits  and  influence  aquatic  systems  directly. 

Defining  sqil  sensitivity  to  acid  Inputs  depends  on  understanding 
soil  properties  and  chemistry.  Thereafter,  sensitive  soils  can  be 
located,  the  degree  of  sensitivity  decermlned,  and  the  magnitude  of 
changes  in  components  can  be  assessed.  In  addition,  the  changes  are 
not  static  but  would  be  expected  to  be  dynamic  with  time,  volume  of 
rain  input,  ano  acid  concentrations.  Thus  the  sequence  of  ion  losses 
and  adsorption  would  further  characterize  the  effects  of  acid  precipi- 
tation on  soils. 

Many  of  the  field  and  laboratory  studies  are  narrow  in  approach 
and  design  and  not  particularly  interrelated.  A broader  ecosystem 
approach  was  taken  in  the  field  study  coupled  with  a more  comprehensive 


laboratory  study,  to  establish  nagnitudes  of  Ion  losses,  sequences  of 
losses,  mass  balances,  rates  of  losses  to  the  Hater  table,  flux  charac- 
teristics,  and  rates  of  movement  to  lake  systems.  The  main  objective 
was  to  describe  two-dimensional  ion  inAllity  as  related  to  Inputs, 
Internal  processes,  and  outputs.  Specifically,  questions  concenn  Impacts 
on  soil  fertility,  nutrient  status,  toilc  substances,  plant  vitality, 
and  water  quality.  Both  short-tenn  and  long-term  implications  must  be 
considered  in  relation  to  numerous  soil  components,  p1ant-so11  rela- 
tionships, and  soil-water  relitlonshlp  (Gorham  and  hcFee,  1980). 

The  field  soil  study  was  one  Integral  part  of  a terrestrial  and 
aquatic  research  program,  funded  by  Environmental  Protection  Agency, 
Washington,  to  study  the  effects  of  acid  precipitation  on  an  ecosystem 
scale.  The  main  objectives  of  the  study  were 

1.  To  examine  the  effects  of  acid  rain  on  the  movement  of  loos  in  e 
Typic  Quartzlpsanment  soil  with  respect  to  time,  soil  depth,  pH 
treatment,  magnitude  of  Ion  loss,  and  sequence  of  ion  loss  In  field 
and  laboratory  column  experiments. 

2.  To  quantify  sulfate,  nitrate,  and  hydrogen  adsorption  at  two  depths 
In  a Typic  Quartzlpsanment. 

3.  To  examine  the  effects  of  acid  rain  on  the  chemical  properties 

of  soils.  Including  changes  in  soil  nutrient  supply  and  release  of 
potentially  toxic  Ions. 

4.  To  quantify  two-dimensional  water  flow  at  the  field  site. 

5.  To  establish  rates  and  magnitude  of  Ion  movement  to  the  water  table 
and  through  the  water  table  towards  a lake  body. 
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6,  To  quantify  ion  not  losses  and  nass  balances  in  tbe  field  and 
laboratory  coliim  experiments  and  to  compare  the  two  approaches 
for  a practical  evaluation. 


CHAPTER  2 

REVIEW  OF  LITERATURE 


Acid  Rain;  Chemistry  and  Scope 

Although  records  of  rainfsll  chemistry  are  not  extensive  with 
respect  to  time,  continuous  monitoring  has  revealed  the  extent  of  the 
acid  rain  problem  throughout  the  world.  The  European  countries  such 
as  Horway  and  Sweden  have  intensively  and  for  a long  period  of  time 
obtained  records  regarding  storm  movements  and  acid  rain.  In  North 
America,  rainfall  records  indicate  that  whether  in  Pasadena  (Liljestrand 
and  Morgan,  1978),  New  York  (Wolff  et  al.,  1579),  or  Gainesville, 

Florida  (Hendry  and  Brezonik,  1930),  the  pH  of  the  rainfall  is  about 
4.3  (Table  E.l).  The  industrial  northeast,  including  eastern  Canada, 

1s  the  most  seriously  acidified  area.  The  acid  fringe  Is  moving  west 
and  south  with  pockets  in  the  far  west,  although  the  midwest  and 
mountain  states  are  relatively  free  of  acid  rain  to  such  a degree. 

A review  paper  by  CogblTi  and  Likens  (1974)  gave  a suomiary  and 
history  of  the  acid  rain  problem  in  the  northeast  United  States.  Iwfeed, 
the  problem  is  increasing  in  scope  and  extent  (Wolff  et  a1,,  1979). 
Continuous  monitoring  at  Hubbard  Brook  Experimental  Forest,  New 
Hangishlre,  showed  that  the  pH  frequently  fell  below  pH  4.0  (Eaton  et 
al..  1973). 
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Table  2.1.  Concentration  of  major  Ions  in  rainfall.  Gainesville. 

Florida.  l«7R.ia77  ' 


Parameter 


Concentration 

(ng/L) 


Ca 

M9 

Cl 

SO^ 


0.20 
0.40 
0.12 
0.98 
2. OS 


(Hendry  and  Brezonik.  1980) 


Air-borne  substances  that  Influence  plants  and  soils  Include  sea 
spray,  dust  (wind,  erosion,  volcanoes),  gases  (COj,  (Oij.  SOj,  NOj^). 
biogenic  particles  (spores,  pollen,  hyphal  fragments),  particulate 
matter,  aerosols  and  gases  (fires,  xastes,  transporutlon  activities, 
residential  heating,  coninerclal  and  Industrial  processing),  gases  and 
particulates  from  the  combustion  of  fossil  fuels  (Taim  and  Cowling, 
1975).  Proximity  to  the  sea  Increases  Cl,  Na,  and  Hg  In  rain.  In  fact, 
the  ratio  of  CaiHg  in  rain  Is  used  as  an  Indicator  of  source  of  air- 
borne substances,  being  about  0.2  near  coasul  areas,  whereas  the 
continental  ratio  is  much  higher,  e.g.,  the  Hubbard  Brook  site  Is  J.7 
(1963-1980  daU)  (Eaton  et  a1.,  1973). 

Atmospheric  sources  of  sulfur  are  burning  of  fossil  fuels.  SOj 
abatement,  smelters,  and  fly  ash  (Terman,  1978).  Sulfur  is  now 
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recogrized  as  the  primary  source  of  acidity  in  rain.  The  sulfur  from 
the  effluent  sources  is  oxidized  to  sulfur  dioxide.  During  its 
atmospheric  transport,  the  SOj  is  converted  slowly  to  sulfur  trioxide 
Kith  a conversion  rate  of  from  one  to  several  percent  per  hour,  depending 
on  the  humidity  and  other  substances  in  the  air.  The  SO,  can  confcine 
with  moisture  in  the  air  to  form  sulfuric  acid.  The  pH  of  pure  air 
(and  water)  in  eguilibrium  with  carbon  dioxide  In  the  air  is  5.6  (Shaw, 
1977).  Data  show  that  SO^  appears  to  be  having  an  acidifying  effect 
on  grossfall  (open  rainfall),  throughfall,  stemflow,  and  soil  solution 
at  sites  near  major  sources.  The  atmospheric  composition  of  acid  rain 
is  generally  considered  to  be  70X  sulfuric  acid.  231  nitric  and  51 
hydrochloric  acid.  The  ratios  vary,  of  course,  in  the  eastern  U.5. 
depending  on  type  of  Industrial  source  and  thus  location.  The  spread 
and  intensification  of  acid  precipitation  is  attributed  to  industrial 
growth  downwind  from  the  midwest  (Liljestrand  and  Horgan,  1978). 

The  strong  proton  sources  In  rain  are  thus  H^SOj.  HNOj,  and  HCl 
with  the  bound  proton  sources  being  RCOOH,  HH^,  clay,  Al,  and 

Fe,  the  last  three  only  in  minute  amounts  in  rain  (Galloway  et  al., 

1975).  The  contribution  of  free  acidity  to  rain  at  pH  4.0  is  highest 
for  HjSOj  at  60  ueg/L,  HHO3  at  34  ueq/L,  RCOOH  at  6 ueg/L,  and  all 
others  approaching  D ueg/l.  There  are  no  data  on  acid  rain  prior  to 
1939  nor  any  synoptic  data  prior  to  1962  in  the  United  States.  A single 
rainstorm  was  measured  1n  1939  in  Haine  and  in  1952  Landsberg  in  Washing- 
ton measured  the  pH  of  rainfall  droplets  (Likens,  1975).  Research  on 
acid  rain  has  only  beccme  concentrated  since  the  early  1970s  and  the 
first  international  syuposium  relating  acid  rain  to  the  forest  ecosystem 


1975. 
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It  is  now  obvious  tbst  nany  of  tbe  'field"  research  experinents 
in  eastern  (forth  fwerica  and  western  Europe  on  any  aspects  of  chemistry 
since  the  1950s  (which  is  prior  to  the  records)  have  been  perfomed 
under  the  subtle  influence  of  acid  precipitation.  This  means  Mat  there 
Is  not  a true  base  for  information  on  which  to  assess  the  effects  of 
acid  rain  over  time*  but  merely  a relative  scale  comparison  since  acid 
rain  has  probably  been  with  us  for  a long  tine.  This  point  can  be  taken 
further  by  assuming  that  the  word  "rainfall"  is  synonymous  with  “acid 
rain"  since  such  data  indicate  that  it  was  present  (Likens,  1975). 

The  impact  of  acid  rain  on  ecosystems  is  thus  not  greatly  under- 
stood. The  potential  effects  of  chronic,  long-term  exposure  of  forest 
soils  to  acid  precipitation  have  been  identified  as  a major  concern 
since  forests  are  relatively  unmanaged  [Lee  and  Heber,  1980). 

Any  study  of  the  effects  of  acid  rain  on  soils  must  consider  the 
differenoes  in  duality  and  quantity  between  rainfall  and  the  actual 
input  to  the  soil,  the  litter  leachate  (Lee  and  Heber,  1980).  The 
effects  of  acid  rain  on  soils  Indeed  can  only  be  adequately  studied 
in  an  ecosystem  context.  Specifically,  the  following  must  be  con- 
sidered: (1)  changes  in  rain  chemistry  caused  by  the  passage  through 
canopy  and  litter  layer,  (2)  effects  of  soil  solution  chemistry  on  up- 
take of  chemicals  by  plants,  (3)  effects  on  biological  soil  processes, 
(4)  effects  on  weathering  of  minerals,  and  (S)  role  of  hydrogen  sulfur 
and  nitrogen  on  the  various  pathways  in  the  soil  and  soil  solution. 

Feller  (1977)  demonstrated  drarattcally  the  increase  in  ions  as 
the  rain  passes  via  the  aqueous  route  (Table  2,2). 
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Table  2.2. 


Average  annual  cation  and  anion  concentrations  in  water 
(aig/Ll  at  several  stages  during  its  passage  through  the 
ecosystem. 


Hg 


Precipitation 
ThroughfaH 
Surface  runoff 
Forest  floor  leachate 
Mineral  soil  leachate 
Sroundwater 
Streanvater 


0.01 

0.01 

0 


0.09 

0.03 

0.26 

0.05 


0.02 

0.02 


Precipitation 
ThroughfaH 
Surface  runoff 
Forest  floor  leachate 
Mineral  soil  leachate 
Sroundwater 
Streamwater 


Cl 


H^PO, 


«3 


Oxidation  and  Oynanlcs  of  Sulfur  Dioaide 

The  increasing  concern  about  acidic  air  pollution  and  acid  rain  has 
focused  greater  attention  in  recent  years  on  the  chemistry  of  sulfur 
dioxide  which  Is  the  major  source  of  acidic  air  pollution.  Its  oxidation 
to  sulfate  1n  the  etnosphere  within  the  environment  of  a power  plent 
plume  is  confilicated  and  Is  influenced  by  various  factors.  Fortunately, 
the  chemistry  can  be  simplified  to  basic  chemical  reactions.  Models 
have  been  developed  to  predict  chemical  and  physical  transformations 
and  the  transport  of  aerosols  over  great  distances  under  various  con- 
ditions. Rates  of  oxidation  and  nuclei  formation,  sulfur  and  particulate 
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dynaiifcs  depending  on  coal  or  oil  sources,  the  effect  of  relative 
humidity,  temperature  and  catalysts,  diurnal  and  seasonal  variations, 
and  residence  tines  all  affect  the  formation  of  acidic  sulfate  in  the 
atmosphere,  as  dry  deposition  and  as  rain  scavenging. 

Calvert  and  Su  {1978)  made  an  evaluation  of  the  existing  kinetic 
data  related  to  the  elementary,  homogeneous  reactions  of  SOj  within  the 
troposphere.  Oxidation  of  SOj  can  occur  at  suhstantial  rates  through 
these  homogeneous  reaction  paths.  The  direct  photo-oxidation  of  SQ^  by 
way  of  the  electronically  exciwd  states  of  SOj  is  relatively  uninswrUnt 
for  most  conditions  which  occur  within  the  troposphere.  The  oxidation 
of  SOj  within  the  natural  troposphere  Is  expected  to  occur  largely  by 
way  of  reactions  (1),  (2),  and  (3),  with  reaction  (1)  being  the  dominant 
path: 

(1)  HO  •*  SOj  (•*«)  — HOSO^  (*H); 

(2)  HOj  t 50j  — * HO  + SOj; 

(3)  CHjOj  ♦ SOj  CHjO  SO3. 

The  three  reactions  occur  with  about  equal  rates;  SOj  oxidations  can 
proceed  homogeneously  at  rates  as  high  as  4J/h.  Considerations  of  the 
reactions  in  stack  gas  plumes  suggest  that  a small  maximum  in  the  SOj 
photo-oxidation  rate  may  occur  during  the  early  stages  of  the  dispersion 
of  a parcel  of  the  stack  gases  into  the  air.  This  should  be  followed 
by  a short  period  of  slower  oxidation.  In  theory  the  initial  burst  is 
expected  to  rise  from  NOj  and  HONO  photolysis  followed  by  reaction  (I) 
and  the  reaction  0(^P)  + SO^  (t«)  _ SO3  («}.  After  the  extensive 
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clUution  of  ttie  stack  gases  by  polluteil  urban  air.  the  rate  of  SOj 
homogeneous  oxidatfon  is  expected  to  approach  that  for  a typical  pol- 
luted urban  atmosphere  («/h)  (Calvert  and  Su.  197B). 

Atmospheric  SO^  aerosols  are  believed  to  be  a composite  of  bio- 
genic and  anthropogenic  end  products,  the  proportions  of  which  are  not 
known  with  certainty.  The  ocean  Is  the  only  direct  source  of  large 
quantities  of  these  aerosols.  However,  these  are  fairly  large  particles 
that  have  short  atmospheric  residence  times  and  thus  nave  little  effect 
on  regional  continental  background  concentrations.  The  atmospheric 
oxidation  of  natural  and  anthropogenic  sulfur  dioxide  (SO^)  is  believed 
to  be  the  dominant  removal  mechanism.  Other  papers  are  on  washout 
(Peters,  1976),  scavenging  (Hales  and  Dana,  1979),  dry  deposition 
(Sheih  et  a1.,  1979). 

Several  papers  on  the  distribution  of  sulfate  emissions  in  the 
United  States  and  Europe  included  Hhitby  et  el.  (1978),  Senki  (197B). 
Sranat  (1978),  Yuen  et  al.  (1979). 

Effects  of  Acid  Precipitation  on  Surface  Water 
and  Aduatic  Ecosvstw 

Hhile  the  long-tenn  effects  of  acidic  deposition  on  forest  and 
other  terrestrial  ecosystems  remain  unclear,  there  is  Increasing  evi- 
dence that  acidic  deposition  is  involved  in  the  changing  chemical  and 

associated  aquatic  ecosystems.  These  changes  were  first  observed  and 
investigated  in  Sweden  and  Norway,  followed  by  more  limited  studies  in 
Canada  and  the  United  States.  Already  a very  substantial  bbdy  of 
literature  exists  describing  these  phenomena. 
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It  has  been  fairly  we11  established  that  there  have  been  signifi- 
cant changes  in  a nuirber  of  freshwater  lakes  and  streams  In  southern 
Norway,  Sweden,  and  eastern  North  America.  The  observed  changes  In  these 
water  bodies  are  essentially  (a)  a pN  decline  accompanied  by  disappearance 
of  bicarbonate  ions  and  increases  in  sulfate  and  aluminum  levels; 

(b)  a reduction  in  species  number  of  phytoplankton  and  invertebrates; 

(c)  accumulation  of  certain  algal  species;  (d)  inhibition  of  organic 
natter  decomposition;  and  (e)  gradual  reductions  In  fish  populations, 
especially  in  the  most  acid-sensitive  species.  The  majority  of  these 
water  bodies  are  distant  frcm  urban  centers,  industrial  plants,  and 
agricultural  activities,  minimijing  the  possibility  that  localized 
effects  are  of  major  importance.  The  affected  lakes  and  streanm  have 
certain  consnon  characteristics:  (a)  they  are  underlain  by  granite  and 
other  highly  resisUnt  rock  types  poor  in  calcium  and  magnesium- 
containing  minerals;  (b)  the  watershed  soils  are  thin  and  poorly  buf- 
fered; (c)  the  watershed  to  surface  area  ratio  is  low;  and  (d)  acidic 
deposition  inputs  are  relatively  large.  All  of  these  factors  point 
toward  acidic  wet  and  dry  deposition  as  a major  contributor  to  the 
observed  changes,  despite  uncertainties  about  many  of  the  details  of 
the  acidification  rechanism  and  the  rate  at  which  such  changes  have  been 
occurring. 

Most  of  the  studies  have  been  qualitative  field  surveys  and 
laboratory  experiments  on  the  physiological  responses  of  the  biota  to 
increased  acidity.  However,  quantitative  data  to  support  the  evident 
change  by  low  pH  on  natural  systems  are  now  appearing  in  the  literature. 
Many  of  the  authors  have  reported  that  aquatic  organisms  at  all  trophic 
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levels  are  affected  by  increased  hydrogen  stress.  Acid  precipitation 
can  have  adverse  effects  on  stream  and  lake  populations  of  zooplankton, 
phytoplankton,  bacteria,  inverUbrates.  salamanders,  and  fish  (Lynch 
and  Corbett,  19S0). 

Europe  rake  the  rater  systems  particularly  susceptible  to  acidification. 
The  bedrock  consists  of  slowly  weathering  granites,  schists,  and  por- 
phyries which  render  inland  waters  that  are  low  in  salts  and  are  poorly 
buffered.  Acidic  precipitation  at  pH  4-4.5  and  dry  deposition  therefore 
greatly  affect  the  lakes.  Dry  deposition  accounts  for  the  high  sulfur 
concentrations.  Aluminum  concentrations  increase  with  decreasing  pH 
frcm  about  10  ug/L  to  600  vg/L  from  sunmer  to  autuoii  yearly,  and  are 
increasing  on  the  annual  average.  Above  pH  5.5,  aluminum  precipitates 
due  to  low  solubility.  Organic  matter  increases  the  solubility  by 
comilexation/chelation  which  further  aggravates  the  A1  toxicity  to 
organiSBB,  especially  fish.  However,  A1  is  also  an  efficient  precipi- 
tator of  humic  substances  and  results  in  increased  lake  transparency 
with  increased  A1  levels  at  low  pH  (Dickson,  1578). 

There  are  anti-acidity  sysums  that  tend  to  counter  the  acidifica- 
tion processes  in  natural  water  bodies.  The  sediments  are  a source  of 
buffering  action.  Calcium  is  the  ion  of  greatest  adsorbed  concentration 
in  the  sediments.  Sulfate,  being  the  major  source  of  acidity  originating 

neutralization  of  the  acid  ccngdex.  Sulfate  reduction  is  a strictly 
anaerobic  process,  and  generally  only  occurs  in  the  sediments  and  leads 
to  a corresponding  decrease  in  the  strong  acid  concentration.  Under 


aerahic  conditions,  sulfate  adsorption  to  the  sediment  surface  is 
possible,  likewise  reducing  acidib)'.  Production  of  ammonia  during 
organic  matter  decomposition  also  results  in  acid  neutralitation  through 
formation  of  anisonluin  ions.  Subseguent  nitrification  of  the  anmoniun 
would  have  the  opposite  effect.  »t  low  pH  of  4,  strearwater  concentra- 
tions of  Al,  Ca,  Mg,  K,  Mn,  and  Fe  increased,  with  little  increase  in 
OOC,  da,  NO3,  KM,,  and  other  trace  elements  (Hall  and  Likens.  1980). 

Seip  (1990)  gave  an  Interesting  overview  of  the  sources  and  mech- 
anisms of  acidification  of  freshwater.  A catclwient  is  a very  complex 
system  and  large  numbers  of  processes  play  possible  roles  in  acidifica- 
tion. Scmie  inportant  factors  are  pressure  in  the  soil,  uptake  and 
release  by  vegetation,  weathering,  cation  exchange,  organic  acids, 
oxidation  and  reduction  reactions  (S  and  K compounds],  and  accumulation 
and  depletion  in  the  catchment.  Three  possible  conceptual  models  were 
given:  (1)  a mode!  based  on  a direct  effect  of  precipitation  on  lakes 
and  rivers;  (2)  a model  emphasizing  the  Increased  deposition  of  robile 
anions  (SO,);  and  (3)  a model  based  on  the  effects  on  freshwater  through 
a change  in  soil  acidity  caused  by  precipitation  or  vegetation  changes. 
Based  on  European  data,  Seip  concluded  that  the  fraction  reaching  rivers 
and  lakes  unchanged  is  small;  thus  the  direct  effect  of  acid  rain  is 
actually  small.  Similarly,  direct  effects  of  soil  acidification  on 
water  systems  is  not  thought  to  be  great.  The  easiest  way  to  understand 
the  acidification  of  freshwater  is  by  considering  the  Increased  sulfate 
deposition.  The  increased  concentrations  of  mobile  anions  explain  at 
least  a substantial  part  of  the  observed  acidification.  Therefore  there 
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acidifyitig  components  has  played  an  Important  role  in  the  acidification 
of  freshwater.  The  net  loss  of  nitrogen  and  possibly  phosphorus  via  the 
biota  during  high  acidity  episodes  could  be  a significant  loss  from 
natural  stream  and  lake  systems  (Hall  and  Likens,  1980;  Heyer,  1980). 

The  chemistry  of  acid  rain  £er^  and  its  effects  on  Inpacted 
canopy,  soil,  and  water  systems  have  been  given  in  several  excellent 
papers  and  syuposie  reports.  Individual  papers  on  predation  include 
liilssen  (1980a,  1980b],  DeCosta  and  Janicke  (1977);  on  decomposition 
of  organic  natter  by  Traaen  (1980),  Anderson  et  al.  (1978),  Traaen 
(1976,  1977),  Raddum  et  al.  (1980);  papers  on  macrophytes  by  Hultberg 
and  Trahn  (1978),  Grahn  (1977),  Muller  (1980);  and  on  phytoplankton  by 
Biddings  and  Galloway  (1976). 

Effects  of  Acid  Precipiation^on  Sail  Mtcrooroanisns 

A critical  function  of  nature's  nutrient  cycle  in  the  forest  and 
field  is  the  movement  of  nutrients  via  the  various  pathways  in  the  soil. 
Organic  matter  decoeposition  is  one  of  the  major  nutrient  transformation 
systems.  Significant  amounts  of  nutrients  are  transferred  to  the  soil 
as  litterfall,  throughfall,  stemflow,  and  directly  as  rainfall.  This 
aqueous  route  follows  s sirple  sequence  to  the  soil  leachate  and  ground- 
water,  although  the  chemistry  is  complicated  and  not  well  researched 
et  the  ecosystem  level  (Feller,  1977). 

Certain  nicrobially  mediated  transformations  in  soil  are  essential 
for  plant  growth,  food  production,  and  environmental  quality.  Bacteria 
and  fungi  are  responsible  for  the  decomposition  of  probably  all 


naturally  occurring  organic  compounds  and  many  synthetic  chemicals  and 
their  transformation  to  inorganic  products.  By  mineralizing  the 
organic  forms  of  nitrogen,  sulfur,  and  phosphorus  in  soil  and  plant 
remains,  the  soil  nicroflora  convert  these  elements  to  the  inorganic 
state  so  that  they  are  available  to  higher  plants  which  do  not  use  the 
complex  organic  materials  present  in  soil  and  plant  remains.  Soil  micro- 
organisms also  mate  available  to  higher  plants  through  biological 
nitrogen  fixation.  They  are  Che  soil  means  to  produce  the  nitrate  which 
is  readily  used  by  higher  plants  and  they  bring  about  oxidation  and 
reduction  of  inorganic  sulfur,  thereby  changing  the  availability, 
toxicity,  and  mobility  of  the  element. 

According  to  Labeda  and  Alexander  (1978),  consideration  of  the 
ecological  effects  of  atmospheric  pollution  on  biota  in  the  past  has 
largely  dealt  with  the  effects  on  the  macrobiota  of  natural  and  agri- 
cultural ecosystems,  and  only  recently  has  there  been  any  great  interest 
in  the  relationship  between  microorganisms  and  air  pollutants.  The  role 
of  microorganisms  in  the  production  of  air  pollutants,  such  as  nitrogen 
oxides  through  denitrification  (Nelson  and  Brenner,  1970)  and  volatile 
sulfur  congjounds  (Kadota  and  Ishida.  1972),  has  been  the  subject  of 
some  attention.  Other  studies  have  dealt  with  the  microbial  metabolism 
of  the  adsorbed  atmospheric  pollutants  (Ehiorse  and  Alexander,  1976} 
and  with  the  effects  of  the  pollutants  on  algae  and  microbial  pathogans 
of  plants  (Kallgren  and  Huss,  1975;  Saunders,  1966;  Weinstein  et  a1., 
197S). 

Infonnatlon  on  the  effects  of  acid  precipitation  on  microorganisms 


scientific  journals  since  about 
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Changes  occur  at  the  dKomposer  level  and  Involve  shifts  from  bacterial 
to  fungal  decooposition.  Of  the  many  facets  of  the  acidification 
problem  Chat  need  investigation,  the  processes  and  rates  of  change  are 
very  important.  Our  understanding  is  mostly  descriptive  (Schofield, 
1975). 

An  excellent  review  paper  on  the  effects  of  acid  rain  on  micro- 
organisms and  microbial  processes  in  soil  was  given  by  Alexander  (1980). 
He  concluded  that  nitrification  ceases  at  pH  4.5  and  below  due  to  auto- 
trophic bacteria;  actinoqycetes  also  decrease  in  nuniier  at  low  pHs; 
decomposition  of  humus  ceases;  and  legume  nodulation  in  the  N-fixation 
process  is  very  sensitive  to  low  pH.  This  also  holds  true  for  Che 
nonsymbiotlc  N-fixers  below  pN  5.0.  Denitrifying  bacteria  are  also 
sensitive  to  low  pH. 

Research  on  the  effects  of  acid  precipitation  on  microbial  pro- 
cesses specific  to  Florida  is  given  by  Volh  et  a1.  (1982)  and  for 
California  by  Killham  et  a1.  (1983). 

Effects  of  Acid  Precipitation  on  the  forest  Canopy; 

Jp  Important  Factor  in  the  Acidification 


A critical  function  of  nature’s  nutrient  cycle  in  the  forest  is 
the  sxjvement  of  nutrients  from  the  trees  to  the  forest  soil.  Litterfall 
is  a well-known  phenomenon  to  almost  everyone  and  is  one  of  the  major 
nutrient  sinks.  However,  a significant  amount  of  nutrients  is  also 
transferred  along  a more  direct  and  constant  route  via  the  precipita- 
tion  mainly  as  rainfall.  This  aqueous  route  follows  a simple  sequence 


-22- 


from  predpltatfon  to  canopy  throughfaTI  and  stemflow  to  forest  floor 
leachate  to  mineral  soil  leachate  to  groundwater  to  streanwater  (Feller, 
1977).  However,  the  chmistry  is  complicated  and  is  still  not  well 
understood  at  the  ecosystem  level. 

Host  plants  can  take  up  nutrients  from  the  atmosphere  (Tams  and 
Cowling,  1975).  This  capability  is  Inportant  in  forests  because  nutrients 
are  generally  scarce.  Trees  develop  very  large  canopies  of  leaves  and 
branches  extending  high  above  the  ground  surface.  Thus  trees  offer  a 
very  large  surface  for  deposition,  assimilation,  and  loss  of  nutrients 
and  various  substances  due  to  the  action  of  rainfall. 

Any  study  of  the  effects  of  acid  rain  on  forest  soils  must  consider 
the  differences  in  quality  and  quantity  between  rainfall  and  the  actual 
input  to  the  soil,  the  litter  leachate  (Lee  and  Meber,  1980).  The 
effects  of  acid  rain  on  forests  indeed  can  only  be  adequately  studied 
in  an  ecosystem  context.  Specifically,  the  following  must  be  con- 
sidered: (1)  changes  in  rain  chemistry  caused  by  the  passage  through 
canopy  and  litter  layer;  (2)  effects  of  soil  solution  chemistry  on  up- 
take of  chemicals  by  plants;  (3)  effects  on  other  biological  soil  pro- 
cesses; (A)  effects  on  weathering  of  minerals;  and  (5)  role  of  sulfate 
and  nitrate  adsorption  pn  the  various  pathways  to  Oie  soli  solution 
(Lee  and  Weber,  1980). 

Research  data  are  now  entering  the  various  scientific  Journals  on 
all  the  various  effects.  Leaching  of  substances  from  the  canopy  is  of 
greatest  interest  to  the  soil  scientist  from  the  viewpoint  of  a con- 
stant supply  of  inorganic  and  organic  ions  entering  the  soil  from  the 
forest  above. 
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TTie  terms  inctflent  rein,  acid  rain,  or  rain  refer  to  the  normal 
rain  before  conUctIng  vegetation  or  other  subsUnces.  This  could  be 
snow,  mist,  fog,  etc.,  as  well  as  rain.  Throughfall  refers  to  the 
precipitation  which  drips  down  through  the  forest  canopy.  Steraflow 
refers  to  the  precipitation  which  reaches  the  ground  by  running  down 
the  boles  of  the  trees.  The  chemistry  of  the  throughfall  and  stenflow 

the  surface  of  the  vegetation,  and  also  the  nutrients  initially  in  the 
rainfall.  The  term  net  removal  refers  only  to  the  nutrients  leached 
the  vegetation  plus  that  washed  off  the  surfaces.  The  total  annual 
precipitation  received  by  a region  does  not  all  became  available  to  t 
forest  floor.  A significant  portion  becomes  lost  from  potential  wate 
sources  through  interception  and  replenishment  of  the  soil  moisture 
deficit  (Schomaker,  1976).  The  term  interception  refers  to  that  part 
of  the  gross  incoming  rain  that  wets  and  adheres  to  all  above  ground 
objects  ejcposed  to  the  weather  and  that  will  eventually  evaporate  bac 
into  the  atmosphere.  Mater  loss  of  this  type  is  especially  noticeabl 
under  dense,  closed  forest  stands  where  as  nuch  as  25X  of  the  total 
annual  precipitation  may  be  Intercepted.  The  entent  of  Interception 
iffecMd  by  tree  species,  size,  tree  form,  storm  size  and  intensity. 

It  takes  about  3 nin  to  wet  the  canopy  before  throughfall  takes  place 
(Eaton  et  al.,  1973;  Caspar  and  Untaru,  1973).  Interception  affects 
throughfall  chemistry  by  (1)  retaining  some  nutrients  in  the  canopy 
during  rainfall;  (2)  leaching  leaf  nutrients  but  retaining  a portion 
as  evaporation  salts  after  the  storm;  (3)  direct  absorption  of  nutria, 
into  the  leaves  from  the  water  on  the  leaf  surface  or  by  microflora. 


-24- 


eCc.,  on  the  leaves  and  branches.  However,  despite  these  three  routes 
of  nutrient  retention,  there  is  almost  always  a net  increase  in  the 
concentration  of  nutrients  in  the  throughfall.  Hiller  and  Hillians 
(1973)  found  that  the  large  amounts  of  nutrients  removed  fran  the  trees 
by  rainfall  more  than  compensated  for  the  losses  by  interception. 
Throughfall  was  found  to  increase  with  distance  from  the  stem  in 
A.  auriculaeformis  (Aasem,  1968).  Kasem  (1968)  also  found  that  Inter- 
ception was  higher  for  species  with  rough  bark  and  hairy  leaves. 

The  literature  review  revealed  percentage  figures  for  throughfall, 
stemflow,  and  interception  in  sin,  twelve,  end  nine  papers,  respectively 
(Abagiu,  1973i  Aldridge,  1973;  8rattsev,  1973;  Felliaar,  1976;  Foster, 
1974;  Galenko,  1973;  Jackson  and  Aldridge.  1973;  Miller  and  Uillians, 
1976;  Nipon,  I960;  Reiners,  1972;  Serafinov  and  Raev,  1978;  Smith. 

1974;  Valcicak  and  Mendel,  1973;  Weihe,  1973;  Willis  et  al.,  1975). 

The  data  represent  research  In  10  different  countries  with  various  data 
from  the  Ikiited  States.  The  throughfall  averaged  75S.  interception 
averaged  20S,  and  stemflow  averaged  1.3S,  mostly  in  conifers.  Several 
Interesting  conclusions  were  drawn  by  the  various  authors.  For  etantile. 
Meihe  (1973)  concluded  that  high  interception  is  thought  to  be  one  cause 
of  poor  growth  of  spruce  on  sites  where  precipitation  is  low  and  the 
terrain  level. 

Perhaps  the  best  conclusion  has  been  articulated  in  a memorandum 
from  the  National  Atmospheric  Deposition  Program  to  all  cooperators, 
boards,  and  conmlttee  members  (which  includes  one  faculty  member  of 
the  tepartment  of  Soil  Science  at  the  University  of  Florida).  It  was 
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Extensive  reseerch  is  needed  to  further  elucidate  the 
precise  magnitude  and  consequences  of  acidification  on  both 
aquatic  and  terrestrial  acosystens.  Long-term  field  studies 
should  be  initiated  to  determine  the  ecosystems’  responses 
to  different  levels  of  acid  precipitation. 

Effect  of  teid  P^ipltatlon  on  Nobility 


Quantitative  data  generated  from  field  studies  on  an  ecosystem 

movement  to  the  water  table  and  to  lake  systems  are  rare  In  the  litera- 
ture. The  iiubbard  Brook  study  In  New  Hanqishire,  the  most  extensive 
long-term  field  study  In  the  United  States,  still  remains  a monitoring 
study  of  1nput:output  via  stream  runoff  (Likens  et  at.,  1977). 

Papers  related  specifically  to  the  movenent  of  Ions  through  the 
soil  are  only  recently  numerous  In  the  literature.  Quantifying  mass 
balances  and  adsorption  on  a large  field  scale  has  been  an  elusive  goal, 
The  sheer  analytical  effort  required  is  one  detriment.  Perhaps  with 
the  expanded  use  of  plasma  Instrumentation,  a new  impetus  will  result 
for  investigating  such  balances. 

Many  review  documents  have  been  published  since  1979.  The 
Environmental  Protection  Agency  (EPA)  has  been  instrumental  In  leading 
a concerted  attack  on  acid  rain  research  nationally.  Many  descriptive 

Range  Transport  of  Atmospheric  Pollutants  (LHTAP).  Little  research 
has  been  carried  out  on  sensitive  soils  similar  to  the  sands  of 
Florida,  which  are  recognized  as  being  unique  to  the  nation  (HcFee, 
1980). 
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The  literature  on  catian:anion  exchange  has  been  we1!  documented 
£er  M.  However,  research  into  ion  (nobility  under  acid  rain  conditions 
has  again  only  recently  been  initiated  and  the  details  are  only  non 
making  an  appearance  in  the  scientific  literature.  The  physics  of 
water  nivenent  has  been  well  documented.  However,  again,  many  of  the 
experiments  have  been  in  the  laboratory  and  their  applicability  to 
large  scale  field  conditions  to  depth  in  the  soil  are  questionable. 
Three-dimensional  field  experiments  relating  Ion  mobility  to  losses  in 
the  water  table  and  lake  systems  are  nonexistent  in  the  literature. 
However,  there  are  many  recent  papers  that  give  specific  information 
that  is  useful  In  assessing  the  effects  of  acid  rain  on  soils. 

Ion  Mobilities 

Electrostatically  charged  colloids  in  soils  give  rise  to  ion  ex- 
change reactions  and  thus  provide  a chemical  buffer  against  detrimental 
effects  of  acid  rain  deposition.  To  soils  which  contain  [^-dependent 
charge,  colloids  such  as  Iron  and  aluminum  oxides  and  organic  matter. 
Infiltration  of  acid  rain  actually  decreases  the  effective  capacity  of 
the  soil  to  retain  cations  and  thus  results  in  leaching  loss  of  basic 
cations  such  as  Ca  present  on  the  colloids.  At  the  same  tine,  acid 
rain  increases  the  capacity  of  the  soil  to  reUin  anions  such  as  SO. 
(Volk  and  Mansell.  196S1. 

Acid  deposition  accelerates  rates  of  mineral  weathering  from 
watersheds.  Three  principal  factors  mediate  this  process:  (1)  soil 
volume  and  porosity,  (2)  soil  mineralogy,  and  (3)  runoff  rate.  Hydrogen 
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1ors  are  excharged  for  cations,  particularly  Ca.  Hg.  and  A1 . As  a 
result,  A1  concentrations  nay  reach  levels  (>0.2  115/L)  known  to  be 
toxic  to  aquatic  organisms.  To  date,  there  has  been  no  documentation 
of  decreased  soil  pH  as  a consequence  of  acid  deposition  although 
groundwater  acidification  is  reported  in  Sweden  (Evans  et  al.,  1981). 
Based  upon  available  data,  however,  it  appears  that  differences  in 
nutrient  leaching  responses  in  forest  soils  are  related  primarily  to 
physical-chemical  differences  between  soils  (base  saturation,  sulfate 
retention  capacity,  organic  natter  distribution,  and  labile  aluninun 
abundance),  and  secondarily  to  differences  in  H*  ion  loading  (Cronan, 
1982). 

HolliUr  and  Raynal  (1982)  found  that  sulfate,  calcium,  nagnesiun, 
and  sodium  concentrations  were  significantly  greater  in  8 horiaon 
leachates  than  in  bulk  precipitation.  It  also  appears  that  organic 
acids  leaching  from  the  forest  floors  contribute  a substantial  concen- 
tration of  organic  anions.  Likens  et  al.  (1977)  reported  net  losses 
of  sulfate,  calcium,  nagnesiun,  and  sodium  from  undisturbed  Hubbard 
Brook  watersheds.  Hartin  (1979)  reported  a net  loss  of  calcium,  mag- 
nesium. and  sodium  from  a virgin  forest  in  the  Hhite  Ifcuntalns,  but  a 
net  gain  in  sulfate  although  streamwater  concentrations  were  slightly 
higher  than  precipitation  concentrations.  Cronan  et  at.  (1978)  reported 
higher  sulfate,  calcium,  nagnesiun,  and  sodium  concentrations  in  spring 

The  bulk  of  the  sodium  and  much  of  the  calcium  and  lagneslum  lost 
in  leachates  Is  likely  derived  from  and  may  likely  be  replaced  by 
mineral  weathering.  Because  potassium  appears  tightly  cycled  by 


veietation,  any  acceleraclen  in  leaching  of  this  nutrient  by  acid  rain 
nay  be  deleterious.  Increases  in  sulfate  concentration  as  xater  moves 
through  forests  are  not  easily  explained.  The  dynamics  of  sulfur  trans- 
fonnations  and  pooling  are  CDfig)lex  and  not  well  understood.  Kore  work 
on  sulfate,  examining  both  organic  and  inorganic  components  of  the 
sulfur  cycle,  is  required  (Hpllitor  and  Aaynal , 1982). 

Low  concentrations  of  exchangeable  cations  suggest  that  chronic 
leaching  losses  of  nutrient  cations  nay  adversely  affect  forest  pro- 
ductivity. Cation  exchange  capacities  of  acid  forest  soils  are 
associated  with  humus  and  this  exchange  capacity  is  pH-dependent  (Xalisz 
and  Stone,  I9S0).  Potential  effects  of  changes  In  CEC  associated  with 
acid  precipitation-induced  soil  pH  changes  deserve  further  investiga- 
tion. 

Patterns  of  nutrient  cycling  and  toss  are  conptex  and  differ  for 
each  situation  studied.  Precipitation  Inputs,  forest  type  [Martin, 
1979),  stand  age  (Leak  and  Martin,  197S),  soil  characteristics,  parent 
material  mineralogy,  and  other  factors  influence  nutrient  dynamics 
(Hollitar  and  Raytial , 1962). 

Changes  in  soil-pK  are  most  pronounced  at  the  soil  surface.  With 
increasing  time  of  exposure  or  severity  of  acidific  input,  effects 
occur  progressively  deeper  in  the  soil  profile.  Decreases  in  soil  pH 
enhance  movement  of  toxic  elements  (such  as  A1  and  Hn),  The  Al^*^  is 
potentially  harmful  to  plants,  aquatic  life,  and  soil  microbial  activity 
(HcColl,  1981);  any  increases  in  A1^  must  be  considered  to  be  poten- 
tially deleterious.  Soils  that  are  silicic  (e.g..  granitics)  with  low 
cation-exchange-capacity,  with  low  base  saturation,  and  of  shallow  depth 
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are  most  sensitive  to  Increased  acidification.  Many  granitic  soils  of 
the  Sierra  Nevada  are  quite  sensitive*  because  of  their  iaiDaturlty. 
geologic  parent  material,  and  geographic  location  (NcCo11,  1981). 

Mvdroaen 

There  are  two  general  areas  of  ccvicem  relative  to  the  interactions 
of  acidic  rain  with  soils:  (1)  effects  of  acidic  rain  on  nutrient 
leaching,  soil  acidification,  and  the  nutrient  status  of  terrestrial 
ecosystems;  and  (2)  the  intact  of  interactions  between  acidic  rain  and 
soils  on  the  composition  of  waters  reaching  aquatic  ecosystems.  To 
some  eitent  these  concerns  are  mutually  exclusive;  i.e.,  if  incoming  N 
displaces  and  leaches  nutrient  cations  from  basic  soils,  acidification 
of  aquatic  ecosystems  is  prevented.  On  the  other  hand,  incoming  H may 
have  little  effect  on  the  nutrient  content  of  very  acidic  soils,  but 
in  sufficient  amounts,  H could  mobilize  A1  which  produces  toxic  effects 
in  aquatic  ecosystems  {Cronan  and  Schofield,  1979). 

Cation  removal  by  internal  H production  and  leaching  {by  carbonic 
and  organic  acids)  exceeded  atmospheric  K input  by  a factor  of  2 in  the 
acid  rain-impacted  Thompson,  Soiling,  and  Jadraas  sites.  Cation  re- 
moval by  either  bole  or  wbole-tree  harvesting  reduces  the  significance 
of  atmospheric  H inputs  even  further,  but  atmospheric  inputs  could  be 
considered  negligible  only  at  the  unimpacted  Findley  Lake  and  H.J, 
Andrews  sites  (Evans  at  a1..  1981). 

Unfortunately,  internal  H production  varies  considerably  among 
various  forest  ecosystems,  and  generalizations  about  internal  vs. 
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atmo&pherlc  K inputs  are  hazardous.  Furthermore,  nioh  of  the  above 
discussion  Is  predicated  on  the  assumption  that  K inputs  to  soil  via 
either  acidic  rain  or  natural  mechanisms  w111  result  in  an  equivalent 
amount  of  base  cation  removal.  Since  anions  must  balance  cations  in 
any  solution,  this  further  inplies  that  added  anions  and  H are  mobile 
in  soils.  This  assumption,  while  useful  in  conceptually  exploring 
various  scenarios,  has  been  shown  to  be  invalid  in  many  instances, 
particularly  with  respect  to  sulfate  (Johnson  et  a1.,  1979i  Singh  et 
a1.,  1980;  Khanna  and  Beese,  1978). 

Host  soil  leaching  studies  are  developed  on  the  premise  that  the 
soil  solid  phase  component  is  'fixed"  and  negatively  charged,  and  that 
the  extent  of  leaching  is  directly  related  to  the  Influx  of  H ions  from 
acid  rain.  The  buffering  capacity,  in  turn,  is  related  to  the  relative 
adsorption  energy  of  the  H ions  in  comparison  with  that  of  the  exchange- 
able cations.  As  a result,  the  major  soil  variables  controlling 
leaching  are  considered  to  be  cation  exchange  capacity,  percent  base 
saturation,  surface  area,  and  soil  pH,  as  well  as  texture,  clay 
mineralogy,  and  free  carbonate  content.  In  short,  the  vulnerability 
of  a soil  to  acidification  and  base  depletion  Is  inversely  related  to 
its  H ion-consumption  capacity.  The  "leaching  potential"  of  acid  rain 
is  best  described  by  its  pH.  As  the  pH  of  acid  rain  decreases,  the 
potential  for  soil  leaching  increases  (IfcCall  and  Firestone,  1982). 

Aluminum 

The  studies  of  aluminum  (A1)  leaching  illustrate  that  acid  forest 
soils  may  differ  dramatically  in  their  patterns  of  A1  transport.  Despite 
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lurked  differences  between  the  sandy,  excessively  drained  soils  and 
the  fine-textured  soils,  both  soils  showed  a similar  eluviation  of  A1 

unlikely  that  surface  waters  near  such  soils  would  suffer  from  toxic  A1 
transport  associated  with  acidic  deposition.  In  contrast,  another  soil 
showed  a large  enrichment  of  B horiaon  percolate  with  toxic  oionooieric 
inorganic  A1.  Transport  of  this  aluminum-rich  water  to  nearby  streams 
and  lakes  could  be  potentially  lethal  to  aquatic  organisms  {Cronan, 
1982). 

Watershed  acidification  greatly  Increases  A1  leaching  <Gjessing 
et  al.,  1976;  Cronan  and  Schofield,  1979)  and  several  studies  Uken 
together  support  the  notion  that  increased  Al  in  soil  pore  water  nay 
reduce  total  P loading  (Hendry  et  al.,  1980).  While  less  P nay  be  re- 
moved at  fixed  Al  concentrations  below  pH  5 than  at  pH  5 to  6,  an 
elevated  concentration  of  Al  may  result  in  an  increase  in  P removal 
below  pH  5,  by  whatever  means,  not  only  in  the  lake  water  but  in  the 
watershed  soil  as  well.  This  topic  needs  further  investigation  (Evans 
et  al..  1981;  Budd  et  al.,  1981). 

The  leaching  of  A1*^  from  soils  is  of  considerable  concern  as  this 
ion  is  potentially  harmful  to  fish  if  it  reaches  the  aquatic  system, 
and  could  limit  root  growth  of  vegetation  if  the  concentration  of  the 
soil  solution  is  raised  sufficiently. 

Leachate  Al  was  significantly  correlated  (r^  ■ 0.51.  p < 0.001) 
with  dissolved  organic  carbon  (DOC).  Speciation  of  Al  revealed  greater 
than  991  of  the  A1  was  complexed  with  organics  which  had  pH-dependent 
r to  organic  acids  with  pH's  of  approximately  S.S. 


behavior  similar 


Conpleiation  rather  than  nfneral  dissolutfon  or  1on  exchange  mechanisms 
appeared  to  control  AK*  levels.  A direct  H*  interaction  with  the  large 
pool  of  A1  in  the  litter  and  mineral  horizons  could  not  account  for 
observed  A1  levels  in  the  leachates.  Compared  to  sinulated  rain  at  pH 
S.fi,  neither  acid  treatment  (pH  4.0  nor  3.0]  resulted  in  a change  in 
leachate  strong  acidity.  However,  compared  to  5.6  and  4.0,  the  pH  3.0 
treatment  resulted  in  decreased  DOC  and  A1  in  the  leachates.  Precipita- 
tion acidity  can  indirectly  influence  A1  mobility  in  forest  soils  through 
its  interaction  with  the  large  pool  of  organic  carbon  in  the  litter  and 
organic  horizons  (HcColl  and  Firestone,  1982).  This  nay  explain  higher 
A1  concentrations  in  conifer  site  leachates,  which  are  more  acid  and 
higher  in  organic  anion  concentration.  This  high  At  mobility  may  have 
deleterious  effects  on  aquatic  ecosystems  (Cronan  and  Schofield,  1979) 
and  may  hinder  root  development  (Voigt,  1980), 

The  biochemistry  of  A1  In  soils  and  aquatic  systems  is  given  by 
Turner  et  a1.  (1983).  Review  papers  on  A1  exchange  equilibria  are  by 
Nye  et  al.  (1961),  Coulter  (1969),  and  Nordstrom  (1982). 

Sulfate,  Nitrogen,  and  Anion  Adsorption 

Sulfate  is  known  to  adsorb  to  Fe  and  Al  oxides  in  soils  where  It 
can  create  exchange  sites  capable  of  retaining  incoming  H*  or  other 
cations  [Johnson  et  al.,  1979;  Johnson  et  al.,  1980;  Singh  et  al., 

1980;  Khanna  and  Seese,  1978).  Thus  sulfate-adsorbing  soils  can  be 
acidified  by  H^SO,  without  an  equivalent  amount  of  cation  leaching. 
Conversely,  non-sulfate  adsorbing  soils  can  be  leached  by  HjSO,  without 
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an  equivalent  aEnount  of  acidification  due  to  H-lnduced  acceleration  in 
the  rate  of  cation  weathering  from  soil  minerals  (Evans  et  ai.,  1981). 

Nutritional  consequences  of  excess  SO,  inputs  are  unclear.  Perhaps 
uptake  of  excess  SO,  aids  in  charge  balance  problems  in  aimonium- 
utiliting  forest  ecosystems  where  uptake  of  cationic  nutrients  exceeds 
uptake  of  anionic  nutrients  (necessitating  either  HCO^*  uptake  or  H 
release  from  roots).  Thus,  while  atmospheric  inputs  of  S sufficient  for 
average  crop  requirements  (18.5  kg  S/ha;  Terman,  1978)  exceed  forest 
requirements,  this  is  not  likely  to  cause  nutritional  harm  to  forest 
ecosysteae.  Inputs  of  K in  polluted  rain,  while  they  do  not  fulfill 
forest  K requirements,  do  appear  to  make  a significant  positive  contri- 

Oetrimental  effects  can  occur  if  atmospheric  H inputs  significantly 
add  to  or  exceed  H production  by  mechanisms  internal  to  the  forest  soil. 
Estimates  of  internal  K production  in  forests  are  very  rare,  but  the 
availabile  literature  gives  values  ranging  from  approximately  200  to 
23,000  eq/ha/yr.  Taking  the  low  figure  as  an  arbitrary  maximum  allowable 
H deposition  rate  and  assuming  an  equivalent  input  of  671  SO^  and  331 
NOj  as  counter-ions  provide  : 3 kg  S and  1 kg  N/ba/yr.  This  amount  of 
S input  is  unlikely  to  fulfill  agricultural  needs  but  will  probably  meet 
forest  requirements  in  S deficient  areas.  Nitrogen  inputs  of  this 
magnitude  are  probably  insignificant  relative  to  crop  needs,  but  may 
supply  as  much  as  401  of  forest  needs. 

Nitrate  can  generally  be  considered  to  be  totally  mobile  in  soils, 
whereas  sulfate  nobility  is  largely  dependent  on  the  edsorption  capacity 
of  the  soil.  If  high  nitrate  levels  exist,  movement  of  nitrate  in  soil 
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to  (rainage  water  is  then  largely  determined  the  amount  taken  up  by 

transported  beyond  the  rooting  zone. 

It  is  obvious  from  Kuete’s  results  [1982)  that  the  anion  composition 
of  ecid  rain  has  a significant  role  in  leaching  of  soils  with  anphoteric- 
charge  properties.  Oily  in  those  soils  dominated  by  negative-charge 
constitutents  will  anion  composition  have  negligible  effects  on  soil 
leaching.  However,  in  oxidic,  allophanic,  end  acid  soils  with  sesguioside 
coatings  of  Fe  or  Al , there  is  sufficient  variable  charge  Co  potentially 
restrict  soil  leaching  through  anion  adsorption.  In  such  soils,  the 
anion  composition  of  rain  will  modify  soil  leaching  to  an  extent  deter- 
mined by  two  interrelated  factors:  the  anion  adsorption  capacity  of  the 
soil  profile,  and  secondly,  the  nitrate  to  sulfate  ratio  of  the  acid 
rain  (HctDll  and  Firestone,  1982). 

More  recently,  however,  the  approach  in  soil  leaching  studies  has 
shifted  from  H ion-leaching  models  toward  anion  behavior  models  (KcCoH 
and  Cole.  1968;  Johnson  et  al.,  1979).  This  is  based  on  the  concept 
that  soil  leaching  1$  controlled  by  the  availability  (and  thus  nobility) 
of  anions  present  in  the  percolating  soil  solution  where  electrochemical 
neutrality  is  reguired.  If  input  anions  are  adsorbed,  soil  leaching  Is 
restricted  unless  another  anion  is  displaced  in  the  process.  Anion 
adsorption  has  been  reported  in  soils  ranging  from  highly  weathered, 
oxidic  soils  to  less-weathered,  temperate  region  soils  containing  thin 
sesgoioxide  coatings  of  amorphous  iron  and  aluminum  oxides.  In  these 
soils  leaching  Is  regulated  by  anion  flux  behavior  and  H:cation  leaching 
models  are  rendered  useless.  Furthermore,  the  buffering  capacity  becoaes 


increasingly  dependent  on  the  anion  adsorption  properties  or  charge 
characteristics  of  the  soil. 

The  presence  of  variable-charge  constituents  in  a soil  further 
complicates  the  study  of  leaching,  not  only  due  to  the  presence  of  both 
positive  and  negative  charge  sites,  but  because  the  solid  phase  has 
dynamic  charge  characteristics  that  are  pH-sensitive.  Acid  rain  can 
therefore  modify  soil  charge  properties  by  altering  soil  pH  in  amphoteric 
soils.  In  turn,  the  charge  behavior  in  soils  will  control  the  mobility 
of  acid  rain  anions  and  the  leaching  of  soil  cations.  Specific  adsorp- 
tion of  sulfate  anions  has  been  reported  In  several  forest  soils  subjected 
to  acid  rain  (Johnson  et  al.,  1979;  Johnson  and  Henderson,  1979).  The 
restricted  mobility  of  sulfate  was  found  to  regulate  soil  leaching 
fairly  we11.  Unlike  sulfate,  nitrate  anions  are  not  specifically  ad- 
sorbed and  nitrate  mobility  is  usually  unrestricted.  The  relative  flu« 
behavior  of  these  two  acid  rain  anions  nay  therefore  considerably  modify 
soil  leaching  over  varying  nitrate-sulfate  contents. 

in  one  experiment,  Huete  (1982)  used  four  acid  mixtures  of  H^SO^ 
and  HNOj  at  pH  3.5  with  varying  sulfate  to  nitrate  ratios  (100:0,  60:40, 
40:60,  and  0:100*,  respectively)  to  leach  three  soils:  an  Ultlsol  from 
t mixed-conifer  forest  in  California,  an  Oxisol  from  a semi-deciduous 
forest  in  Brazil,  and  an  Entisol  from  an  annual  grassland  In  California. 
These  three  soils  had  very  different  charge  properties.  The  Ultisol  had 
a high  anion  adsorption  capacity,  because  of  its  high  Fe^Oj  content 
(1.2*)  and  high  point-of-zero-charge  (PZC)  (6.0).  The  Oxisol,  although 
strongly  weathered,  had  lower  Fe^Oj  content  (0.5»)  and  PZC  (4.5).  The 
Entisol  was  a relatively  unweathered  alluvial  soil  from  sillcaceous 
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TOck,  «fth  less  Fe^Oj  (0.3»)  and  a lower  PZC  (3.5),  and  thus  was  repre- 
sentative of  a fixed-charge  soil. 

Results  of  leaching  experiments  showed  that  cation  leaching  in  the 
UUisol  decreased  in  direct  proportion  to  nitrate  content,  while  the 
relative  nitrate-sulfate  content  made  no  difference  in  cation  leaching 
in  the  Entisol;  Qxisol  leaching  was  intermediate  between  the  other  two 
soils  (McColl  and  Firestone,  1582). 

Anion  mobility  in  the  soil  is  important  in  assessing  the  impact  of 
acid  precipiution  on  nutrient  cycling  and  loss  (JiAnson  et  al.,  1980). 
Since  sulfau  is  the  dominant  anion  in  acid  precipitation  (Galloway  et 
al..  1976),  the  mobility  of  sulfate  and  internally  generated  organic 
anions  probably  influence,  at  least  to  some  extent,  the  degree  of  cation 
leaching.  Sulfate  mobility  appears  related  to  soil  iron  and  aluminum 
sesquioxide  content  (Johnson  et  al.,  1979;  Singh  et  al.,  1980;  Swoboda 
and  'niomas,  1965).  Organic  anions  may  also  be  retained  within  the  soil 
profile  during  the  development  of  Spodosols.  It  is  thought  that  organic 
anions  translocate  cations  within  the  solum,  while  below  the  solum, 
bicarbonate  leaching  (Ugolini  et  al.,  1977)  or  sulfate  leaching  (Cronan 
et  al..  1978)  dominates. 

The  present  data  suggest  that  sulfate  and  organic  anions  are 
mobile  in  these  soils.  Sulfate  and  organic  anion  leaching  are  of 
roughly  equal  importance  In  the  hardwood  site,  and  organic  anion  leach- 
ing dominates  in  the  conifer  site.  An  additive  effect  of  sulfate  and 
organic  anion  leaching  may  account  for  the  higher  cation  concentrations 
and  lower  pH  of  conifer  B horizon  leachates.  Also,  as  organic  matter 
may  block  retention  of  sulfau  in  soils  (Johnson  et  a 


al.,  igao).  the 
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abundance  of  organic  anions  in  conifer  site  solutions  nay  beip  explain 
greater  sulfate  concentrations  in  water  leaving  the  conifer  site  soluT. 
Because  carbonic  acid  does  not  disslclate  significantly  below  pH  5.0 
(fialloway  et  al..  1976).  bicarbonate  concentrations  are  likely  very  low 
in  these  soil  leachates. 

Papers  related  to  acid  precipitation  in  Florida  were  Wolta  and 
Howe  (1979),  Hendry  and  Brezonik  (1980),  Hendry  et  al.  (1980),  Bitton 
et  al.  (1983).  Canfield  (1983),  Brezonik  et  al.  (1981),  Volk  et  al. 
(1982),  and  Volk  and  Byers  (1983).  A series  of  papers  was  in  a publica- 
tion by  Breen  and  Smith  (1983).  Other  papers  on  sulfate  and  modeling 
were  by  Christophersen  and  Wren  (1981),  Reuse  (1980),  and  Singh  et  al. 
(1980).  A paper  by  Talsna  et  al . (1980)  showed  chloride  adsorption 
with  depth.  Papers  on  tracers  were  by  Dahl  et  at.  (1980)  and  Ahuja  and 
Lehman  (1983).  Papers  on  N.  S.  and  H sorption  are  given  by  Nipon 
(1980)  and  Singh  (1980)  and  for  K budget  by  Rosenqvist  et  al.  (1980). 

A comprehensive  long-term  report  on  blogeochenistry  of  a forested  eco- 
system was  by  Likens  et  al.  (1977).  A suimary  of  the  effects  of  acid 
precipitation  on  soils,  soil  microorganisms,  aquatic  systems  via  soils, 
and  mobilization  of  soil  elements  was  coi»p11ed  by  Linson  (1981). 


CHAPTER  3 

MATERIALS  AND  HnWDS 
Field  Exaerinienis 

Irrioation  E«Der1iiiants 
location  of  site 

The  site  of  the  study  xas  a soft  water  lahe.  McCloud  Lake,  and  Its 
small  (1  km^)  unlnhahlted  watershed  located  about  IS  kn  east  of 
6ainesv1I1e  In  the  Katharine  Ordway  Preserve,  a 3000  hectare  property  of 
the  University  of  Florida.  Seographical ly.  Its  location  was  In  the  Trail 
Ridge  region  of  the  Central  Highlands  In  northern  Florida,  an  area  with 
karst  topography:  nunerous  sandhills  Interspersed  by  snail  lake  basins 
resulting  from  solution  of  underlying  limestone.  The  McCloud  Lake  water- 
shed contains  no  surface  streams,  reflecting  the  very  porous  nature  of 
the  fine  sandy  soil.  Downward  seepage  Is  rapid,  and  surface  runoff  Is 
exceedingly  low  (Figure  3.1). 

Vegetation  In  the  watershed  Is  impoverished,  reflecting  the 
weathered  and  infertile  soil  and  Its  poor  water-holding  capacity.  Woody 
vegetation  consists  primarily  of  longleaf  pine  and  turkey  oak  with  an 
open  canopy.  Wlregrass  dominates  the  herbaceous  layer  and  lichens  are 
conmon  on  the  soil  surface.  Pocket  gopher  and  gopher  tortoise  burrows 
are  formed,  along  with  dirt  piles  thrown  up  by  beetles  that  burrow  as 
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Lake  McCloud  acfd  rafn  eipeHinentel  site. 


Figure  3.1. 
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mich  as  6 meters  deep.  However,  the  plot  sites  £er  se  were  relatively 
devoid  of  these  characteristics. 

The  soils  are  fine  marine  sands,  kaolinitic  sands,  and  sandy  days 
of  Recent  and  Pleistocene  Age.  These  deposits  are  fairly  deep,  about  3 
to  10  meters  and  are  underlain  by  a confining  layer  (2S  to  35  ■)  of 
phosphatic  sands  and  clays  with  low  penneability.  Underlying  this  for- 
mation are  deep  limestone  deposits  that  form  the  Florida  Aquifer.  The 
soil  is  a Typic  Quartzipsamment.  The  study  site  was  located  on  the  south 
side  of  the  lake  above  the  grass  line  on  a I3X  slope.  The  average 

The  lake  site  was  chosen  for  the  study  since  two  concurrent  and 
Joint  EPA  projects  were  funded  to  research  the  effects  of  acid  precipi- 
tation on  lake  and  soil  chemistry.  The  lake,  having  an  area  of  five 
hectares  and  being  about  5 meters  in  depth,  is  a soft  water,  low  conduc- 
tivity oligotrophic  lake  with  a chemical  composition  similar  to  that  of 
natural  rain  for  the  region.  Thus  the  lake  water  served  as  a source  of 
irrigation  water  for  the  soil  study,  having  an  ionic  strength  of  45 
dectsiemens  per  centimeter  (dS/cm). 


Tanonomic  classification:  Hyperthermic,  uncoated  Typic  Quartzipsamment. 
Typical  oedon:  Candler  sand,  forested. 
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S1t«  description 

Transect  layout.  An  engineertng  plan  xas  designed  and  equipment  was 
installed  ts  transport  the  irrigation  water  to  the  plot  sites  using  the 
lake  as  the  water  source  (Figure  3,2). 

Three  transects,  each  consisting  of  three  plots,  were  placed  on  the 
south  side  of  the  lake.  The  transects  were  placed  parallel  to  each  other 
and  approximately  30  meters  apart  projecting  perpendicular  to  the  lake 
and  extending  upslope.  The  plots  within  the  transects  were  approximately 

approximately  30  meters  from  the  lake  edge  and  above  the  grass  line. 

All  plots  were  7b  in  area.  The  distances  between  transects  and  plots 
within  transects  were  chosen  so  as  to  minimize  aerial  drift  atnpng  and 
within  treatments  imposed  on  the  plots.  The  large  plot  size  was  chosen 
(1)  to  ensure  adequate  working  area  for  the  various  experiments  and 
equipment  involved  regarding  placement  and  (2)  for  possible  inclusion 
of  additional  experiments  (Figure  3.3). 

The  three  transect  mainlines,  the  nine  plot  lateral  lines,  and  the 
3d  within-plot  sprinkler  lines  were  polyvinyl  chloride,  schedule  40,  to 
withstand  60D  kiloPascals  (kPa)  of  pressure.  Flowline  pipe  diameters 
were  6.25  cm  at  the  pump,  3.75  cm  on  the  mainlines,  2.54  cm  on  the 
lateral  lines,  and  1.35  cm  on  the  plot  lines. 

Mainline  eguipment  included  a float,  pump,  flowmeter,  and  two 
chemical  liquid  Injectors.  Mainline  and  lateral  line  controls  Included 
gate  valves  and  pressure  gauges.  Impact  sprinklers  were  placed  at  the 
termination  of  the  plot  lines,  four  per  plot,  for  a total  of  36. 
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Figure  3.3.  Transects  and  plot  layout. 


Mainline  instninenmion. 

I]  Float.  The  float  consisted  of  a 19  L metal  cylindrical  drum 
attached  to  the  mainline  on  the  suction  side  of  the  pump  and  extending 
Into  the  lake.  Attachment  to  the  mainline  pipe  was  by  the  use  of 
bicycle  tubes.  Placement  on  the  mainline  was  such  that  the  end  strainer 
was  elevated  well  above  the  lake  bottom  but  far  enough  below  the  lake 
surface  so  as  not  to  create  a vortex  during  pumping  operations. 

The  Inlet  of  the  mainline  was  a metal  cylindrical  strainer.  A fine 
mesh  screen  was  also  attached  around  the  strainer  to  prevent  the  flow 
of  any  suspended  lake  materials  to  the  pump  through  the  strainer  on 
the  suct1on11ne.  The  screen  was  replaced  several  times  during  the 
experiment. 

II)  Pump.  The  pump  was  a Honelite  aircooled  pressure  pump  Model 
FPZbO.  The  driving  motor  was  a IQ  H.P.  4-cycle  gasoline  engine  which 
operated  at  ISDO  rpm  with  a 3600  rpm  maxlicum.  Maximum  capacity  was 
47,300  L/h  with  a total  head  of  82.3  m and  a priming  11ft  of  5.8  m at 
sea  level.  The  maximum  discharge  pressure  was  772  kPa.  Operating 
capacity  was  17,000  L/h  and  discharge  pressure  of  433  kPa. 

Hi)  Flowmeter.  The  flowmeter  was  a 8adger  Recordall  Oise  »teter 
Model  70.  normal  flow  limits  were  4.5  to  379  L/mln  with  a normal 
operating  capacity  of  266  L/mln.  A magnetic  coupling  eliminated  fric- 
tion load  and  drag  with  an  accuracy  at  284  L/mln  of  -11.  Field  opera- 
tion was  at  284  L/mln. 

iv)  Chemical  Injector.  Liquid  chemical  injectors  were  used  to 
meter  the  acid  treatments  Into  the  mainlines  for  distribution  to  the 
Iters"  consisted  of  a plastic  housing 


plot  sprinklers.  These  “chemlH 


with  an  attached  inner  plastic  bag  (which  retained  the  acid  solutions) 
and  a control  panel.  The  control  panel  consisted  of  a knob  adjustment 
for  bypass  water  control  and  one  for  acid  injector  volune  control. 
Settings  were  made  by  adjusting  a floating  ball  in  both  cases.  A gate 
valve  on  the  mainline  controlled  the  bypass  water  volume  with  final 
adjustment  made  by  the  bypass  knob  control.  (Since  the  bypass  water  also 
entered  the  housing  and  pressurized  the  acid  reservoir  bag  eitema11y, 
there  was  a constant  pressure  on  the  acid  entering  the  system.  This 
allowed  for  fine  adjustment  at  the  specified  flow  rate  and  assured  a 
precise  flow  rata  even  at  low  reservoir  volumes.)  Once  pressurized,  the 
system  was  very  stable  and  required  only  periodic  fine  adjustments 
(Figure  3.4). 

A calculated  flow  rate  of  9S  L/min  was  used  on  each  mainline 
transect  (three  plots)  with  a bypass  flow  rate  of  11  L/min,  and  an  acid 
injection  flow  rate  of  91  iU./nin,  This  was  a 1:1000  dilution.  The  acid 
concentrations  In  the  acid  reservoirs  were  such  as  to  give  the  desig- 
nated treatment  pH  after  1:1000  dilution. 

Controls. 

i)  Sate  valves.  A gate  valve  was  placed  on  each  mainline  above 
the  pump  for  flexibility  in  mainline  operation  of  the  system  and  for 
partial  irrigation  If  required.  Adjustable  gate  valves  were  also  placed 
on  all  laterals  in  order  to  equalize  flow  rates  on  a11  plots. 

ii)  Pressure  gauges.  Pressure  gauges  were  placed  on  each  lateral 
line  to  monitor  flow  pressures  and  enable  fine  adjustment  to  assure 
equal  flow  rates  to  all  plots.  Pressure  gauges  were  also  placed  on 


the  pump.  The  stepdown  pressures 
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control 


lateral 


433  kPa  at  the  pump,  366  kPa  at  the  rnatnline,  300  kPa  at  the 
plot  lines,  and  366  kPa  at  the  sprinklers. 

iif)  Spigots.  Spigots  were  placed  on  each  of  the  three  Minlines 
above  the  chemical  injectors.  These  three  spigots  were  used  to  sample 
the  treatments  on  each  transect  for  on-site  monitoring  of  the  acidity 
(pH)  and  £C  (electrical  conductivity). 

Plot  layout  and  instrunentation.  The  dimensions  of  each  plot  were 

sprinklers,  tensiometers,  manometers,  respiration  basins,  soil  solution 
sainplers,  and  neutron  probe  tubes  (figure  3.S). 

I)  Iivact  sprinklers.  Impact  sprinklers  were  placed  at  each 
comer  and  adjusted  to  swing  slightly  more  than  0.25  circle  pattern. 

The  sprinklers  were  plastic  with  an  antibacksplash  arm  and  a distance 
control  baffle  and  delivered  8.7  L/min  at  266  kPa. 

1i)  Tensiometers.  Jet-Fill  tensiometers  were  placed  at  15,  45. 
and  75  cm  depths,  with  one  plot  having  tensiometers  placed  at  15,  30, 
45,  60,  75.  and  90  cm  depths  throughout  the  Irrigation  study.  The 
tensiometers  consisted  of  a porous  ceramic  cup  glued  to  a clear  plastic 
tube  to  which  was  connected  a screw-top  reservoir.  The  reservoir  con- 
sisted of  a rubber  cap  and  a spring-loaded  plunger  for  refilling  the 
main  tube.  A side-arm  suction  gauge  was  attached  and  angled  for  easy 

111)  Mercury  manometers.  Later  in  the  study  mercury  manoneters 
were  constructed  and  placed  in  the  three  plots  of  the  center  transect. 
Tney  were  carefully  placed  at  15,  30,  45,  60,  75,  and  90  cm  depths  in 
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into  ths  son  1n  an  upright  position.  Frontally  attached  xas  a snail 
wood  platform  onto  which  was  set  and  strapped  a clear  glass  battle  used 
for  the  mercury  reservoir.  A water  layer  was  placed  on  the  mercury  in 
the  bottle.  A calibrated  metal  strip  was  nailed  to  the  board  above  the 
mercury  bottle  for  readout  in  millimeters  of  mercury  (Hg),  Spaghetti 
tubing  was  used  as  a carrier  for  the  water  to  each  nanometer  tube  and 
the  tubing  was  stapled  vertically  alongside  the  calibrated  strip.  Read- 
out of  the  mercury  level  In  the  tubing  was  made  by  adjusting  e ruler 
horizontally  tor  each  visual  readout.  The  manometer  tubes  consisted  of 
a porous  ceramic  cup  glued  to  a clear  plastic  1.25  cm  diameter  tubing. 

The  manoneter  tubing  extended  15  cm  above  the  soil  surface.  A soft  black 
stopper  was  the  contact  between  the  spaghetti  tubing  and  the  manoneter 
tube  thus  providing  a continuous  water  column  from  the  mercury  to  the 
porous  cup:soll  interface. 

The  ground  level  ”iero"  was  set  for  the  calibrated  strip  by  placing 
a beaker  of  shallow  water  at  ground  level  and  filling  a length  of 
spaghetti  tubing  to  provide  a continuous  column  of  water  from  the 
ground  level  to  the  mercuny  reservoir.  The  height  of  the  mercury  rise 
in  the  colunrn  was  designated  the  "zero"  level  and  the  calibrated  scale 
"zero'  was  set  at  this  level. 

spaghetti  tubing  was  filled  with  water  using  a hand  punp  to  suction  the 
the  stopper  was  then  inserted  into  the  previously  filled  nanonmter  tube. 


This  completed  the  Hater  coTum  and  BJIminated  air  bubbles  in  the 
coluiB.  This  purge  procedure  was  also  follDwed  periodically  to  eliminate 
air  bubble  problems.  Cupric  sulfate  was  added  to  the  Hater  in  the 
colutin  to  eliminate  algal  growth. 

i»)  Soil  solution  tubes.  The  soil  solution  saaple  tube  oonsisted 
of  2.H  cm  diameter  thick-walled  polyvinyl  chloride  tubing.  A fritted 
glass  disc  {2.54  cm  D.  » 0.1  cm  T.)  was  glued  to  the  bottom  end.  The 
contact  joint  was  buffed  smooth  after  drying.  A black  rubber  16  stopper 
was  fitted  with  a 0.65  cm  0.  x 5 cm  L.  glass  rod,  and  inserted  tightly 
into  the  open  end  of  the  PVC  tubing.  A 7.5  cm  L black  latex  tubing  was 
fitted  onto  the  glass  tubing  protruding  above  the  stopper  to  which  was 

The  sample  tubes  were  placed  very  carefully  into  the  bore  holes 
which  had  been  accessed  using  sharpened  PVC  piping  of  the  same  diameter 
and  calibrated  in  centimeters  for  placement  at  the  proper  depth.  Care 
was  taker  to  ensure  complete  contact  of  the  soil:d1sc  interface.  All 
sample  tubes  were  placed  randomly  but  were  evenly  distributed  among  the 
four  quadrants  of  each  plot.  The  tubes  were  individually  numbered 
chronologically  across  plots. 

The  depths  of  tube  placement  in  igsi  were  15,  45,  and  75  cm  in  two 
treatment  transects  (six  plots)  in  quadruplicate  replication  for  a total 
of  72  tubes.  Ir  addition,  sample  tubes  were  placed  in  duplicate  at  30 
and  60  cm  depths  for  a total  of  84  sample  tubes.  For  1982  irrigation 
experiment,  sample  tubes  were  placed  at  15  and  75  cm  depths  in  three 
transects  (nine  plots)  with  each  depth  being  replicated  six  t 
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Suctlon  ms  ifrawn  prior  to  irrigation  by  loosening  the  danp, 
inserting  the  probe  of  a hand  suction  pump  snugly  into  the  latex  tubing, 
and  drawing  500  cm  suction,  reclamplng,  and  removing  the  end  of  the  hand 
suction  puo;). 

Sampling  postirrigation  was  acconpl i shed  by  unscrewing  the  clamp 
to  release  the  suction  and  allowing  easy  access  to  the  main  tube.  The 
sampling  device  consisted  of  a trigger-type  hand  suction  punp  which  was 
attached  to  a 50  nL  plastic  sample  bottle  by  latex  tubing  connected  to 
a glass  tube  inserted  into  a rubber  stopper.  Also  attached  to  the  rubber 
stopper  was  a spaghetti  sample  probe  which  was  Inserted  to  the  bottom 
of  the  soil  solution  sample  tube.  Thus  the  whole  device  could  be 
manipulated  with  only  two  hands  as  the  sample  was  being  taken  and  the 
suction  maintained  by  the  hand  pump. 

The  soil  solution  sample  tubes  were  checked  in  the  laboratory  for 
air  leaks  prior  to  installation  in  the  field  plots.  In  order  to 
minimize  deterioration  due  to  exposure  to  the  weather,  the  rubber 
stoppers  were  coated  with  silicone  and  the  clamps  were  lubricated  with 
fish  reel  grease.  After  the  first  year's  irrigations,  the  soil  solution 
sample  tubes  were  returned  to  the  laboratory,  dried,  rebuffed,  and  re- 
tested for  air  leaks  and  clogging  from  day  particles.  Some  tubes  were 
necessarily  discarded  and  replaced. 

Postirrigation  sampling  volumes  were  recorded  so  that  a record  of 
performance  was  maintained  in  each  sample  tube.  Those  sample  tubes 
which  consistently  drew  small  volumes  of  soil  solution  or  colored  sample 
solutions  were  discarded  and  replaced  by  a new  sample  solution  tube 
placed  in  a different  plot  location. 


v)  Neutron  moisture  tubes  and  probe.  Aluminum  tubing  S cm  D.  was 
placed  to  a depth  of  120  cm  in  the  center  of  each  plot.  In  addition, 
tubing  was  placed  at  320  cm  depth  in  two  plots  located  in  the  center 
transect  in  the  lower  and  upper  plots.  These  tubes  were  used  as  access 
channels  for  the  neutron  moisture  probe.  Since  the  soil  is  a mediun 
sand  even  at  great  depths,  a stone  base  was  first  raised  in  the  bottom 
of  the  access  hole  before  inserting  the  aluminum  tubing.  The  aluninun 
tubing  extended  10  cm  above  the  surface  of  the  soil  in  order  to  provide 
the  correct  contact  for  the  clam)  jaws  of  the  neutron  probe.  Nhen  not 
in  use.  an  inverted  bottle  was  used  to  cover  the  tube  to  prevent  access 
by  rain  (natural  and  irrigated)  and  animals  or  plant  debris.  Readings 
were  tahen  intermittently  pre-  and  postirrigation  on  many  irrigations 
to  esUblish  the  normal  soil-water  characteristics.  In  addition,  hourly 
reading  pre-,  during,  and  postirrigations  were  taken  several  times  to 
establish  flux  patterns  in  this  sandy  soil. 

The  instrument  used  was  a Troxler  Model  1651  Depth  Moisture  Gauge. 
It  consisted  of  a Moisture  Probe,  a fitted  cable,  a Shield,  and  a 
Standard.  The  probe  was  a Boron  Trifluoride  tube  mounted  at  one  end 
end  at  the  other  end  was  a preamplifier  with  a cable  connector.  The 
Shield  and  Standard  provided  automatic  radiological  safety  during  trans- 
portation and  storage  of  the  moisture  probe,  and  an  efficient  reans  to 
introduce  the  probe  into  the  access  tubing.  The  output  of  the  Seuge  was 
evaluated  with  a scaler.  The  probe  used  contained  100  millicuries  of 
Americlum-eeryllium  sources  with  a surface  radiation  of  1 milllreoi  per 
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Qperatina  parameters 

Total  dvnanic  head.  TotaT  dynamic  head  calculatlofia  were  made  by 
calculating  and  sunning  pressure  head,  3 mainline  friction  heads,  lateral 
line  friction  head.  3-parts  per  transect,  elevation  head,  and  suction 
head  or  lift.  The  total  dynamic  head  for  the  three  transects  was  47.6  «. 

Pump  efficiency.  The  punp  efficiency  of  the  FP250  was  calculated 
to  be  57X.  At  a total  dynamic  head  of  48. S m the  pump  will  deliver 
830  L/hr.  Our  operation  demands  284  L/hr.  Thus  the  pump  was  operating 
at  about  541  capacity  or  about  half  throttle. 

Adding  HnSOa  and  MOt  to  the  system. 

i)  Treatments.  The  treatments  were  centra!  (at  a pK  of  4.6),  pH 
3.7,  and  pH  3.0.  These  acidities  correspond  to  19. S5,  199.5,  and  1000 
ueq  H/L.  The  two  treatments  pH  3.7  and  pH  3.0  when  using  the  lake  water 
wi11  have  to  be  supplemented  with  179.6  and  980.1  ueq  H/l, 

<i)  Stock  solution  concentrations.  Sulfuric  and  nitric  acids  at 
a ratio  of  7:3  (v/v)  were  used  to  simulate  the  acid  rain  at  the  lake 
site.  A mixture  of  these  two  acids  at  this  ratio  renders  a 30.0  normal 
solution.  This  stock  was  prepared  in  the  laboratory  for  field  use. 

Hi)  Intermediate  stock  solution.  Since  calculations  were  iwde 
indicating  that  the  final  dilutions  were  to  be  1:1000  at  the  injector 
level,  the  intermediate  stock  solutions  for  the  two  treatments  (pH  3.7 
and  pH  3.0)  were  dilutions  of  the  concentrated  stock  at  ratios  of  1:167 

the  field  by  diluting  91  ml  and  494  ml,  respectively,  of  stock  solution 
to  the  four  gallon  level  in  plastic  carbo 


oys  and  mixing 
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!iiterae<iiat«  stock  solutions  were  then  transferred  to  the  reservoirs 
of  the  chemical  liquid  Injectors.  At  3.3  opn  (95  nl/nin]  the  total 
quantity  of  Intermediate  stock  solutions  used  for  a 2.5  cm  rain  Mas 
5.7  L and  for  a 5 cn  rain  was  1!.4  L. 

1v)  pH  of  the  acid  rain  using  the  chenlllters.  By  calculation, 
the  pH  of  the  final  dilutions  (I.e.,  the  acid  rain  Imposed  on  the  plots 
using  the  30  N acid  concentrate  mixture  and  the  ratio  dilutions  of 
167,000  and  30.000)  would  be  3.7  and  3.0,  respectively.  The  average  Hs 
(expressed  as  pH)  reaching  the  plot  surfaces  for  all  Irrigations  were 
3.75  and  3.06,  respectively.  The  pH  of  the  control  was  4.53. 

v]  Sulfate  and  nitrate  In  the  acid  rain.  By  calculation,  the 
sulfates  of  the  final  dilutions  for  the  3.7  and  3.0  treatments  were  46. B 
and  14.5  mg/L,  respectively.  The  average  sulfate  concentrations  for  all 
Irrigations  both  by  calculation  and  determination  for  the  3.7  and  3.0 
treatments  were  actually  41.6  and  13.7  mg/L,  respectively.  The  sulfate 
for  the  control  was  7,3  ng/L.  Similar  calculations  for  the  nitrate  for 
the  two  treatments  were  10.3  and  2,4  mg/L,  respectively.  The  actual 
concentrations  were  8.9  and  2,2  ng/L,  respectively  (I.e.,  2.33  and 
0.49  mg/L  NOj-h,  respectively). 

Irrigation  control  on  the  chemical  injectors.  The  flow  rate  of 
95  L/nIn  when  Injected  with  95  ml/min  of  acid  solution  resulted  In  a 
1:1000  dilution  of  the  Injected  acid  solution.  The  right-hand  knob  on 
the  control  panel  regulated  Che  acid  Injection  solution.  An  Input  of 
95  nl/mln  was  approximately  midscale.  The  actual  dilution  at  the  1n- 
jKtlon  point  In  the  bypass  control  line  was  1:125  when  the  bypass  flow 
rate  was  11.4  L/mln.  A further  dilution  of  1:8  occurred  as  the  bypass 
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line  reentered  the  neinllne.  Toti1  mixing  did  not  take  place  until  the 
waterfront  neared  the  lateral  lines  since  there  was  nixing  tine  required 
as  the  water  flowed  along  the  mainline  to  the  plots.  This  was  a good 
reason  to  have  adequate  distance  between  the  pumpicetering  instrumenta- 
tion and  the  plot  sprinklers, 

Irrigation  time-  ft  2.5  cm  rainfall  on  the  three  plots  of  a transect 
represented  5689  L.  ftt  a flowrate  of  95  L/min,  the  tine  required  for 
irrigation  was  1.00  hours.  For  a 5 cm  rainfall,  the  tine  required  for 
irrigation  was  2.00  hours.  Since  all  three  transects  could  be  irrigated 
by  the  pump  siiitjltaneously,  a 5 cm  rainfall  could  be  imposed  on  the 
three  transects  for  three  treatments  in  2.00  hours. 

Quantity  of  water  applied.  The  total  quantity  of  water  applied  to 
all  transects  during  a 2.5  cm  rainfall  was  17,067  L.  During  1931,  the 
50  cm  acid  rain  Imposed  during  the  Irrigation  period  totalled  341,340  L. 
During  1952,  a toul  of  682,700  L was  Imposed.  Thus  the  total  water 
applied  for  1981  and  1982  was  1.02  x 10^  L. 

Irrigation  patterns,  The  plot  sprinklers  arc  in  a pattern  of  0.25 
circle  and  were  set  to  swing  to  the  plot  boundary.  Sprinklers  so 
placed  at  each  corner  of  a square  to  deliver  water  in  an  arc,  the 
boundary  of  vdiich  did  not  reach  the  opposite  comer.  Thus  there  was  a 
portion  of  the  square  plot  in  each  comer  which  was  Irrigated  by  only 
three  of  the  four  sprinklers.  This  area  represented  approximately  15S 
of  the  plot  or  about  4S  of  the  plot  surface  per  comer.  Thus  there  was 
an  octagon-shaped  area  in  the  plot  which  was  irrigated  by  a11  four 
sprinklers.  Soli  solution  sample  tubes  could  not  be  placed  near  the 
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dent  of  uniformity,  Coefficient  of  uniformity  (CU)  deter- 
minations for  rainfall  distribution  patterns  »iere  carried  out  on  all 
plots  by  placing  basins  in  concentric  circles  from  the  center  to  the 
entrenities  of  the  plots,  15  basins  per  plot.  Volumes  of  collection 
water  were  measured  in  each  basin  after  a one  hour  irrigation.  Coeffi- 
cients of  uniformity  were  determined  for  each  plot.  In  some  insUnces 
sprinklers  were  adjusted  to  give  a CU  of  at  least  BSl  which  indicated 
that  the  irrigation  spray  pattern  was  uniform  across  the  plot  during  a 
period  of  calm  winds.  If  there  was  a wind  of  15  kn/hr  or  greater, 
irrigation  was  delayed. 

Flow  meter.  The  flow  meter,  measuring  flow  of  irrigation  water  in 
gallons,  was  used  to  estimate  closely  the  rate  of  flow  by  using  a stop- 
watch. The  flow  rates  in  t/min  were  calculated  by  dividing  the  volune 
of  flow  in  gallons  for  a specific  time  period  by  the  time  in  minutes 
and  imiltiplying  by  3.785. 

neutron  probe  and  volumetric  water  content.  The  scaler  attached 
to  the  neutron  probe  measured  the  H volumetrically  by  a counter  with 
digital  display.  Previous  calibration  astablished  a conversion  aguation 
which  nullified  background  and  expressed  the  volumetric  water  content  as 


Volumetric  Hoisture  (J)  ■ reading  x 24.64d5  . j 
X background  (shield) 
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rfixHcally 


U]  Check  sprinkler 


■rloedcfllly 


15)  When  nearing  end  of  Irrigation,  shut  i 
gate  valve  full.  Bypass  flow  should  ' 
stationary  *0’  position.  Close  gate  ' 


16)  Shut  down  throttle  on  puuip  but  do  not  shut  off  punp 

17)  Take  floweter  reading 


IS)  Release  pressure  valves  on  Chetrillzer  acid  and 
reservoir  drain  valve  and  let  bypass  water  dral 
Chemlllzer  lines,  open  acid  port,  and  pour  acid 
onto  ground.  Retain  for  next  irrigation.  Open 
one  of  the  disconnect  lines  to  get  a flow  of  wa 
flow  to  thoroughly  clean  and  rinse  the  acid  bag 
the  exterior  of  the  Dienlllzer.  When  completed 
form  and  then  shut  off  the  pump 


controls  and 
ih  down  plat- 


19)  If  data  for  soil  moisture  are  required,  take  neutron  probe  readings 

20)  Collect  the  irrigation  samples  in  eech  plot  (from  Step  2)  and  pour 
into  snail  plastic  bottles  for  lab  analysis.  (Note;  If  taking 
height  neasurenents  for  cm  of  rainfall,  measure  depth  of  water  in 
basins  before  collection  of  sample  and  record.) 


21)  Collect  water  table  samples  if  required 


22)  Collect  lake  sample  in  plastic  bottle 


23) 


Cover  Cheniltzers  with  ta 
(after  it  cools)  ahd  sect 
enough  for  next  irrigatlc 


24)  Clean  up  the  premises 


25)  to  for  a swim  in  the  lake  and  praise  tod  for  another  successful 


Nonitorinu  stations  durlno  Irrioations. 

1)  Liquid  chemical  Injector  control  panel 

2)  Chemistry  of  acid  treatments  by  EC  and  pH  meters  from  spigots 

3)  Pressure  gauges  on  pump,  mainlines,  end  lateral  lines 


4)  Flowmeter 


ng  stopwatc 


-EO- 


5)  Irrfgatlon  »ater  catch  basins  for  chemistry  and  volume  delivered 

6)  Gas  level  in  puirp 

7}  Sprinkler  perfomance  spot  checks 

8)  Be  aware  of  pump  noise  and  any  changes  in  pitch 

9)  Acid  level  in  liquid  chemical  injector 

1981  Irrigation  program.  Two  treatments  were  Imposed  on  two 
transects.  Each  treatment  consisted  of  three  plots  replicated.  The 
treatments  were  control  (pH  4.6)  and  pH  3.7.  using  sulfuricrnitric  acids 
at  7:3  ratio  (v/v)  in  the  treatment  irrigations.  Soil  solution  samplers 
were  placed  at  three  depths.  15,  45,  and  75  cm.  with  four  tubes  placed 
at  each  depth  in  each  plot.  Soil  solution  samplers  were  also  placed  at 
30  and  60  cm  depths,  two  tubes  per  depth  per  plot.  Thus  96  toil  solution 
samplers  were  placed  1n  the  six  plots. 

Sixteen  irrigations  were  made  during  the  period  March  to  August. 
1981.  The  soil  solutions  were  sampled  at  48  and  96  hours  post  Irriga- 
tion. Sixteen  48-hour  and  eleven  96-hour  postsamplings  were  taken  for 
a total  of  27  sampling  periods. 

Fifty  centimeters  of  simulated  acid  rain  were  applied  to  the  Irri- 
gation site  for  a total  of  287,660  1 iters.  Tensiometer  readings  were 
taken  throughout  the  period.  Chemical  parameters  determined  on  the  soil 
solution  leachates  were  pH,  electrical  conductivity  (EC),  Ca.  Kg,  K.  Na. 
Al.  NH,-N.  NOj-H,  SO^.  POj-P,  Cl.  Zn,  fur  a total  of  14729  determina- 
tions from  1339  sanples. 

Soil  samples  were  taken  pre-,  during,  and  post-irrigation  to  a depth 
of  90  cm  at  15  cm  intervals.  Sariples  were  not  composited  over  treatment 
ots.  Sequential  extractions  of  the  soils  using  neutral  N HH^OAc 


within  p1( 
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Here  perfarred  for  exchangeable  bases.  Samples  were  also  analyzed  for 
CEC.  ex.  acidity,  ex,  bases,  and  percent  Base  saturation,  as  well  as 
sand  fraction  separation  and  other  soil  characterization  parameters. 

19B2  irrigation  proorani.  Three  treatments  were  imposed  on  three 
transects.  Each  treatment  consisted  of  three  plots  replicated.  The 
treatments  were  control  (pH  4.6],  pH  3.7,  and  pH  3.0,  using  7:3  (v/«) 
sulfuric:nitrlc  acids  in  the  treatment  irrigations.  Soil  solution 
samplers  were  placed  at  two  depths  being  15  and  75  cm  with  six  tubes  at 
each  depth  in  each  plot.  Total  number  of  soil  solution  samplers  placed 
in  the  nine  plots  was  108. 

Eighteen  irrigations  were  made  during  the  period  March  to  August. 
1982.  The  soil  solutions  were  sampled  at  the  48  hour  post-sampling 
period.  One  sampling  at  96  hour  post-sanaling  period  was  taken,  for  a 
total  of  19  sanpling  periods. 

One  hundred  centimeters  of  simulated  acid  rain  were  applied  to  the 
Irrigation  site  for  a total  of  715,365  liters.  Tensiometer  and  neutron 
probe  readings  were  taken  throughout  the  period.  Chemical  parameters 
determined  were  pH,  electrical  conductivity  (EC),  Ca,  Mg,  K,  Ha.  A1 . 
NH^-N,  NOj-N,  SO,.  P0,-P,  Cl,  for  a total  of  10872  determinations  from 
1863  samples.  Two  chemical  injectors  were  used.  Mercury  manometers  were 
also  constructed  and  installed  in  three  plots  of  the  center  transect. 

Soil  sanples  were  taken  pre-  and  post-irrigation  periods  to  a depth 
of  90  cm  at  15  cm  intervals  with  lesser  depths  taken  periodically  at 
lesser  increments  at  the  surface  of  the  soil.  Similar  analysis  as  in 


19B1 


repeated. 
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yiu»  E;tpen'iieTit 
Plot  Uyout 

Another  foUow-up  study  was  done  in  the  fall  of  1982  to  gain  more 
infomiatfon  on  the  chemistry  of  the  soil  solution  at  greater  depths  and 
to  characterize  the  flux  of  water  to  the  water  table  as  to  time  and 
magnitude.  One  control  plot  was  sacrificed  for  this  experiment.  Twnty- 
two  samplers  were  placed  in  the  plot,  six  each  at  the  IS  and  75  cm  depth 
and  5 each  at  the  ISO  and  300  cm  depth.  One  treatment  was  Imposed  con- 
sisting of  3.0  pH  Irrigation  water  with  potassiian  iodide  (KI)  added  at 
10  mg/I.  iodide.  One  irrigation  was  imposed  totalling  37  cm  sim/lated 
acid  rain  over  a six-hour  period.  The  manometer  In  the  plot  center  was 
expanded  to  include  tubes  at  the  ISO  and  300  cm  depth.  Six  deep  wells 
to  below  the  water  table  were  installed  with  one  in  the  lake,  three 
between  the  lake  and  the  plot,  one  in  plot  center,  and  one  above  the 
plot.  This  well  transect  extended  30  meters  from  the  lake  and  30  meters 
beyond  the  plot  side  upslope.  Eight  impact  sprinklers  each  delivering 
16.3  Ipm  were  installed  in  the  plot  for  an  irrigation  rate  of  10  cm/hr. 
Six  post-irrigation  samplings  were  taken  from  the  soil  solution  samplers 
as  well  as  six  post-irrigation  samplings  from  the  wells.  Neutron  probe, 
tensiometer,  and  mnometric  readings  were  taken  throughout  the  post- 
irrigation  period  of  14  days.  The  water  table  fluctuations  were  con- 
tinuously monitored  by  automatic  well  level  recorders  mounted  on  each 
well  casing.  Parameters  determined  were  as  during  the  Karch-August 


(Figure  3.6). 
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rain  plot  instrumentation  during  flux  experiment. 


five  of 


were  dug 


using  a 12.7  cm  D.  bucket  auger.  The  bore  holes  were  excavated  to  30  cn 
below  the  water  table.  Diagonally  circular  perforations  were  cut  on  the 
bottom  60  cn  of  the  10  cm  0.  PVC  well  casing  before  insertion  of  the 
easing  into  the  bore  hole  to  below  the  surface  of  the  water  table  and 
securely  into  the  soil  sand  foundation.  It  was  important  to  place  the 
casings  vertical  to  the  water  table  since  the  well  recorders  required 
vertical  extension  of  the  float  inside  the  casing  to  the  water  table 
surface.  The  bore  holes  were  backfilled  and  tamped  securely  around  the 
casing  which  extended  approximately  4 m above  the  soil  surface.  One 
well  was  also  placed  in  the  lake  approximately  S n from  the  edge  of  the 
lake  and  In  0.5  m water  depth.  A shroud  was  placed  around  the  casing  to 
eliminate  the  detection  of  wave  action  by  the  float.  This  well  was  used 
to  record  the  lake  level  fluctuation  during  the  flux  experiment.  The 
6-well  transect  bisected  the  plot  with  one  well  being  placed  30  meters 
above  the  plot  center  for  a vertical  depth  of  8.B  meters  and  a distance 
of  60  meters  from  the  lake  edge.  This  well  layout  using  the  recorders 
made  it  possible  to  determine  the  post-irrigation  water  table  profile 
and  to  monitor  the  flux  of  the  mounded  water  post-irrigation  both 
vertically  and  in  two  directions  horiaontally  (Figures  3.7,  3.8). 

Platform  and  floats 

A platform  was  constructed  and  attached  to  the  top  of  the  well  pipe. 

L.  X 60  cm  W.  X O.S  cm  T.  plywood  base  with  a 
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10  cm  offset  center  hole.  Another  offset  center  hole  was  drflleO  Co 
alloH  the  counterbalance  strap  to  move  freely.  A 10  cm  PVC  connector 
was  attached  to  the  underside  of  the  platform  using  screws  and  angle 
brackets.  This  collar  assentily  was  then  lowered  over  the  well  pipe  and 
fitted  snugly.  This  allowed  for  easy  removal  of  the  platform.  An 
autcnatfc  water  level  recorder  was  placed  on  the  platform.  Floats  and 
counterweights  were  constructed  using  polyethylene  bottles  filled  to  the 
proper  levels  with  a mixture  of  sand  and  water.  An  optimum  amount  of 
water  and  sand  mixture  was  determined  to  permit  the  well  float  to  settle 
and  stabilize  so  as  not  to  submerge  nor  contact  the  Inside  of  the  well 
pipe.  A 4:7  ratio  weight  of  the  mixture  was  then  plated  in  the  counter- 
weight bottle  and  sealed.  The  strap  was  attached  through  an  eyebolt, 
the  float  MS  lowered  Into  the  well,  the  strap  was  placed  around  the 
recorder  wheel,  and  the  counterweight  was  lowered  freely  Into  position 
beside  the  we11  pipe  and  below  the  platform.  Enough  distance  remained 
for  horizontal  slight  windswing  and  above-ground  vertical  movement  of 
the  counterbalance  far  water  table  fluctuations.  Six  such  assemblies 
were  constructed  and  mounted.  The  perforated  casings  allowed  for  the 
free  access  of  percolating  irrigation  water  Into  the  well  and  thus  fast 
response  by  the  recorder. 


Automatic  we11  1i 


table  liquid  water  level  recorders  {Model  Belfort  S-FW-1) 


and  an  adjustable  wheel  mounted  oi 
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on  Mhich  the  float  strap  was  located.  Several  combinations  of  gears 
could  be  chosen,  one  set  controlling  the  speed  of  drum  rotation  and  one 
set  for  the  ratio  of  arm  swing  length  to  water  level  rise  or  fall.  A 
S:12  ratio  was  chosen  giving  a vertical  12. S cm  chart  distance  for  a 
30  cm  water  table  rise  or  fall.  All  chart  baselines  were  established 
on  the  same  chart  gridlines  and  zeroed  with  the  lake  level  during  the 
experiment.  The  clock  wind  mechanism  was  for  a period  of  eight  days. 
However,  the  charts  were  changed  every  24  to  48  hours  since  the  chart 
speed  was  one  rotation  every  6 hours  for  good  resolution  during  fluctu- 
ation period.  The  pen  nib  reservoirs  were  carefully  monitored  and  levels 
of  ink  maintained  above  half-full  at  all  times.  A removable  cover  pro- 
tected the  recorders  during  irrigation. 

Electric  contact  gauge 

An  electric  contact  gauge  was  used  to  establish  the  profile  of  the 
water  table  with  distance  from  the  lake.  It  consisted  of  a metal  cylinder 
with  a contact  point  to  which  was  internally  wired  a calibrated  plastic 
SO  meter  measuring  tape.  The  tape  was  attached  to  batteries  imbedded 
in  the  handle  of  a freely  routing  wheel . Wien  the  tip  of  the  point  on 
the  cylinder  contacted  water,  the  circuit  was  completed  and  a light 
mechanism  was  activated  on  the  handle  of  the  reel.  The  water  table 
levels  were  determined  by  lowering  the  measuring  tape  and  atUched 
cylinder  into  the  well  pipe  until  the  light  was  activated  as  the  tip 
contacted  the  water  surface.  A depth  reading  was  taken  from  the  top 
edge  of  the  well  casing.  The  distance  from  the  ground  level  to  the  top 


tfie  water  table 


of  t)ie  well  casing  was  then  subtracted  for  the  depth  of 
below  the  ground  surface.  A series  of  readings  were  taken  in  this  nannei 
on  all  wells  throughout  the  irrigation  experiment. 

Sanollnq  of  wells  from  the  water  table 

Spaghetti  tubing  was  attached  to  the  calibrated  tape  to  extend  t at 
below  the  point  of  contact  of  the  electric  contact  gauge.  The  tape 
assembly  was  lowered  through  the  well  port  of  the  platform  to  the  water 
table.  At  point  of  contact  the  light  was  actuated  which  signalled  that 
the  spaghetti  tubing  was  1n  position  below  the  water  surface  for 
sampling,  A preuiously  connected  hand  pump  and  sample  bottle  assembly 
was  used  to  suction  water  from  the  surface  of  the  water  table  into  the 
sampling  bottle.  Sixty  milliliter  samples  were  taken  from  each  well 
including  the  lake  well  and  returned  to  the  laboratory  for  irmediate 
analysis.  The  upper  well  was  a vertical  distance  of  8 m above  the  water 
table.  This  was  a vertical  rise  greater  than  a column  of  water  could 
freely  be  extracted  under  gravitational  conditions.  The  sample  was  thus 
extracted  1n  portions  and  composited. 

Column  Exocriments 

Sampling  of  Soils 

Intact  columns  of  undisturbed  soils  were  taken  at  the  irrigation 
site  at  McCloud  Lake.  Samples  were  taken  in  replicate  representing 
the  Candler  soil  at  0-15  cm  and  0-7S  cm  cepths.  The  soil  cylinders 
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were  7.5  cm  I.O.  diameter  polyvinylchloride  thIcXwlled  tubing  (Schedule 
40). 

The  sampling  procedure  consisted  of  carefully  and  slowly  driving 
the  end-sharpened  tubes  to  the  proper  depth.  Since  the  Candler  Is  a 
medium  sand,  there  was  very  little  compaction  with  the  15  cm  columns 
during  this  operation.  When  taking  the  75  cm  coTums.  the  surrounding 
soil  was  excavated  with  depth  as  the  columns  were  inserted.  The  columns 
were  driven  in  close  proximity  to  one  another  to  minimize  horizonul 
soil  variation  and  ease  1n  retraction.  Excavation  of  the  columns  cc*i- 
sisted  of  digging  a pit  alongside  the  battery  of  columns  and  carefully 
laying  the  columns  on  their  side,  lifting  horizonully,  placing  endcaps 
over  the  bottom,  setting  upright,  placing  endcaps  over  the  top,  and 
labelling  for  transportation  to  the  laboratory. 

Preparation  of  Sealed  Columns 

Custom-made  endplates  with  an  air  entry  value  of  60  cm  were  glued 
onto  each  end  of  each  column.  This  was  done  by  setting  the  coluimi  up- 
right on  the  lab  bench,  clamping  by  use  of  a chain  clamp,  removing  the 
endcap,  carefully  levelling  the  soil  surface  flush  with  the  colum,  and 
using  a fine  bead  of  silicone  glue  with  subsequent  building  of  a firm 
contact  surface  at  the  co1umn;endp1ate  joint. 

After  airdrying  for  at  least  48  hours,  the  column  was  saturated  by 
slow  gravity  flow  of  deionized  water  through  the  bottom  of  the  colum  to 
the  surface.  The  endplate  tubes  were  clamped  and  the  column  was  rountco 
in  a fraction  collector. 
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Elutfon  of  Coluinns 

Tygon  tubing  lines  with  tw1st-top  plastic  connectors  were  attached 
to  the  center  port  of  each  endplate  to  connect  the  column  from  the 
reservoir  of  treatment  solution  to  the  fraction  collector  tube.  A peri- 
staltic pump  was  placed  1n  the  line  between  the  reservoir  and  the  column 
to  provide  a constant  flowrate  of  treatment  solution  to  the  column. 
AutoAnalyier  transmission  tubing  was  used  in  the  pump  cam  assembly. 

The  column  was  inverted  in  the  collector  to  eliminate  uneven  gravity 
flow,  gravity  influences,  and  to  minimize  any  channelling  or  sideflows 
within  the  column.  The  endplate  at  the  soil  surface  was  then  purged  of 
the  saturating  water  using  the  treatment  solution  to  bring  the  solution 
1n  close  contact  with  the  soil  surface  separated  only  by  the  endplate 
disc.  Elimination  of  all  air  bubbles  was  1rg)ortant  in  this  process.  The 
other  endplate  was  IlKewise  purged  and  air  bubbles  eliminated  using 
deionized  water.  (The  volume  of  the  endplates  and  eait  tubing  to  the 
collector  must  be  known  to  calculate  the  pore  volumes.)  Once  the  purging 
procedure  was  completed,  the  collector  adjusted  to  activate  at  the 
desired  volume,  and  the  collection  tubes  mounted,  then  the  pump  was 
started  and  collection  of  the  samples  proceeded  uninterrupted. 

Collection  of  Sample 

Solution  samples  were  collected  automatically  and  continuously  at 
timed  intervals  for  specific  volumes  using  a fraction  collector  Model  in.. 
This  was  a large  temperature-controlled  enclosed  chamber  instrument  with 
a total  volume  capacity  of  3C00  mL,  Total  tube  capacity  was  EO  trays  of 
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10  tubes  each  tray.  Sampling  was  electronically  activated  by  a sensor 
which  detected  a change  in  Intensity  of  the  light  beam  at  the  point  of 
interception  by  the  air:l1qu1d  interface  of  the  rising  water  column  in 
the  sampling  tube.  Sample  volume  was  preset  at  12  ml  so  that  each 
sanple  represented  0.1  inch  (0.2S  cm)  acid  rain  or  10  samples  per  cen- 
tineter  of  acid  rain  through  the  coluim.  Thus  for  100  cm  acid  rain, 

400  samples  were  collected  with  each  tray  conveniently  representing  2.5  cm 
acid  rain.  Continuous  head  was  maintained  using  a Gilson  peristaltic 
pump  Model  A which  continuously  pumped  the  extracting  acid  rain  solution 
through  the  columns  and  collector  at  a specified  rate  of  flow. 

Treatments 

The  treatments  used  were  the  same  as  for  the  field  study  being 
acidified  lake  water  at  pH  3.0  and  pH  3.7  with  the  control  being  natural 
lake  water.  Thus  the  acid  rain  background  chemistry  simulated  exactly 
that  used  in  the  field  experiment.  The  extracting  solutions  were  pre- 
pared In  plastic  19  L carboys  using  intermediate  solutions  of  70:30 
HjSOjtHNOjtv/v)  and  adjusting  to  the  appropriate  pH  using  a Radioneter 
pH  meter  Hodel  PRH  connected  to  a combination  electrode. 

Diemleal  and  Physical  Analysis 
Preparation  and  preservation  of  Soli  Solution  Leachates 

The  leachate  samples  were  taken  directly  from  the  field  to  the  lab 


after  careful  labelling 


ng  in  GO  ml  plastic  bottles.  Electrica 
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conductivity  and  pH  detenninatlons  were  made  tnnediately  upon  return  to 
the  laboratory.  The  leachate  samples  were  always  free  of  debris  from 
the  soil  since  they  had  been  extracted  through  the  fritted  glass  discs. 
Two  drops  of  phenylmercuric  acetate  (PMA)  was  added  directly  upon  com- 
pletion of  the  pH  and  EC  determinations.  This  was  done  to  aiinimize 
biological  processes.  Samples  were  then  filtered  through  a S u nenbrane, 
using  a syringe  and  dispensed  into  70  ml  plastic  scintillation  vials  and 

used  since  A1  was  to  be  determined  on  the  samples.  In  1982,  the  within- 
plot  within-depth  samples  were  composited  by  syringing  equal  volumes  into 
the  vials.  The  trays  of  100  samples  each  were  carefully  labelled  and 
refrigerated  until  further  analysis  was  made. 

The  column  leachates  were  likewise  clear  when  taken  from  the  frac- 
tion collection  tubes.  The  EC  and  pH  determinations  were  made  and  the 
samples  were  then  preserved  with  PKh  and  then  stored  for  additional 


Electrical  conductivity 

Electrical  conductivity  was  determined  using  a Barnstead  conduc- 
tivity bridge  Model  PH  FO-CB  with  a glass  dip  cell  of  K = 1.0. 

£H 

The  pH  was  determined  potentionetrically  by  a Radiometer  pH  meter 


Hodel  PHH  64  using  a combir 


CalcU 


Calcium,  Hg,  and  Zr  were  datennined  by  atcoiic  absorption  spoc- 
trophotoretry  using  a Perkin-Elmer  Model  <60.  Calcium  was  determined 
using  a nitrous  o<ide:acetylene  flame  and  magnesium  and  tine  using  an 
airracetylene  flame. 

Potassium  and  sodium 

Potassium  and  sodium  were  detemrined  by  flame  emission  using  a 
Perkin-Elmer  spectnopbotoreter  Model  <60. 


Sulfate 

Sulfate  was  determined  colorimetrically  by  Technicon  Autoanalyaer, 
The  sample  was  reacted  with  barium  chloride  at  pK  2.5-3  to  form  barium 
sulfate  after  passing  through  a cation  exchange  column  to  remove  metal 
interferences.  Excess  barium  reacted  with  methyl  thymol  blue  to  fonn  a 
blue-colored  chelate  at  a pH  of  12.5.  The  uncomplexed  methyl  thymol 
blue  color  was  gray;  If  it  was  at  all  chelated  with  barium,  the  color 
was  blue.  Initially,  the  barium  chloride  and  methyl  thymol  blue  were 
equimolar  and  equivalent  to  the  highest  concentration  of  sulfate  Ion 
expected!  thus  the  amount  of  uncomplexed  methyl  thymol  blue,  measured 
at  460  nm,  was  equal  to  the  sulfate  present. 

Aluminum 

Aluminum  in  dilute  solutions  buffered  at  pH  6 reacted  with 
Eriochrome  Cyanin  R dye  to  produce  a red  to  pink  complex  which  exhibited 
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wKinuni  absorption  at  535  nm.  Aluninum  was  detemUned  b^  Technicon 
Nltrate-nltroqan 

The  autoitiated  procedure  utlllted  the  reaction  whereby  nitrate  was 
reduced  to  nitrite  by  a copper-cadmium  reduction  column.  The  nitrite 
ion  then  reacted  with  sulfanilamide  under  acidic  conditions  to  form  a 
diazo  compound.  This  compound  then  coupled  with  N-l-napthylethylene- 
dtamine  dihydrochloride  to  form  a reddish-purple  azo  dye. 

tnnoniuin-nitroQen 

The  automated  procedure  utilized  the  Berthelot  reaction  in  which 
the  formation  of  a green  colored  indophenol  conpound  occurred  when  the 
solution  of  an  anmonium  salt  wes  added  to  sodium  phenoaide  followed  by 
the  addition  of  sodium  hypochlorite.  A solution  of  potassium  sodium 
tartrate  was  added  to  the  sample  stream  to  eliminate  the  preciptutlon 
of  the  hydroxides  of  the  heavy  metals  which  may  be  present. 

Phosphate-ohosohonis 

The  automated  procedure  utilized  the  nolybdophysphate  blue  reaction 
with  ascorbic  acid  as  reducing  agent. 

Chloride 

The  chloride  procedure  involved  the  liberation  of  thiocyanate  ion 
from  the  mercuric  thiocyanate  by  the  formation  of  unionized  but  soluble 
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nercuric  chlorfiJe.  In  the  presence  of  ferric  Ion.  the  liberated  thio- 
cyanate ion  formed  a highly  colored  ferric  thiocyanate  complex  propor- 
tional to  the  original  chloride  concentration.  An  automated  rethod 
(Technicon  fS9-7DW/a)  was  modified  for  readout  using  a scanning  spec- 
trophotometer. 


Iodide  was  determined  using  an  iodide  specific  ion  electrode  with 
a companion  reference  electrode,  both  electrodes  being  attached  to  an 
Orion  lonanalyaer  Model  901. 

Soluble  oraanie  carbon 

Soluble  organic  carbon  was  determined  using  a TOC  carbon  analyser 
Model  S26. 

Oetermination  of  Pore  Volume  and  Dispersion  Using  Tritium 

Since  separate  columns  were  used  for  each  of  the  three  treatments 
for  each  of  the  two  depths,  it  was  mandatory  that  the  flow  patterns  or 
dispersion  characteristics  he  the  same  for  each  set.  If  the  physics  of 
the  water  fluxes  were  not  the  same  from  column  to  column,  then  differ- 
ences in  the  chemistry  of  the  water  fluxes  would  not  he  necessarily  due 
to  treatment  differences.  Column  uniformity  was  readily  assessed  using 
Tritium  as  a radioactive  tracer.  Each  column  was  eluted  with  a solution 
of  Tritium  at  10,000  counts  per  minute  after  the  completion  of  the 
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treatnent  addUiors.  Tie  same  procedure  was  followed  for  Tritium  as 
for  treatment  1n  the  use  of  the  collector,  except  that  the  saturation 
procedure  was  not  necessary.  Both  front  and  back  sides  of  the  break- 
through curves  were  determined;  thus  at  least  two  pore  volumes  had  to 
be  collected  In  the  collector.  The  shape  of  the  curves  was  not  as 
Important  as  the  uniformity  among  curves;  i.e.,  uniformity  of  dispersion 
was  more  important  than  degree  of  dispersion.  After  the  samples  had 
been  collected,  the  tritiated  water  inside  the  column  was  replaced  with 
deionized  water,  the  column  dismantled,  soil  weighed  and  dried  in  order 
to  determine  the  pore  volume. 

In  particular,  1 ml  aliquots  of  the  tritiated  samples  were  trans- 
ferred to  scintillation  vials  and  mixed  with  16  iri.  of  New  England  Nuclear 
Aquasol-2  scintillation  cocktail.  The  samples  were  counted  on  a Searle 
Analytic,  Inc.,  Delta  300  liquid  scintillation  counter  for  five  minutes. 
The  counts  were  corrected  for  background  and  the  pore  volumes  were  cor- 
rected for  endplate  volume  and  tubing  on  the  outflow. 

Soil  Santolinq  and  Analysis 

Soil  samples  were  collected  and  composited  over  plot  pre-,  during, 
and  post-irrigations  from  the  various  depths  and  analyzed  for  various 
physical  and  chemical  parameters  to  indicate  any  changes  due  to  acid 
rain  treatment.  Soil  samples  were  elso  taken  at  various  depths  to 
characterize  the  soil  as  to  cation  exchange  capacity,  extractable 
acidity,  base  saturation,  components  of  clay  fraction,  bulk  density, 
saturated  hydraulic  conductivity,  organic  matter,  pH,  available  nutrients 
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by  double  odd  extractant  and  neutral  norrul  annonfun  acetate,  particle 
size  distribution,  textural  analysis,  and  sand  fractions.  Soil  samples 
were  also  taken  at  L5  cm  depth  and  intervals  from  the  soil,  surface  to 
the  water  table  and  analyzed  for  physical  and  chemical  parameters. 

Prearftle  to  Results  and  Discussion 

The  following  Results  and  Discussion  chapter  is  detailed  in  the 
first  two  sections  on  ion  mobility.  It  is  in  these  sections  that  the 
various  combinations  of  coaparisons  are  made  within,  between,  and 
among  ions,  depths,  treatments,  and  years.  Sunnary  figures  are  also 
constructed  to  describe  the  overall  relative  ion  movements  for  each 
treatment  and  depth. 

To  standardize  the  comparisons,  the  terms  'within, " "between,"  and 
"among"  are  used.  These  are  statistical  terms  meaning  "one,"  "two,"  and 
"three  or  more,"  respectively.  Their  usage  might  seem  monotonous  in  the 
text;  however,  full  descriptions  are  used  at  each  heading  to  orientate 
the  reader  explicitly  as  to  the  cong)ari5ons  being  made.  This  approach 
also  allows  stating  the  means  "respectively"  without  repeating  the 
heading. 

Summary  tables  (Tables  4.13  and  4.15)  of  the  means  for  field  and 
column  data  for  these  sections  are  given  in  the  fourth  section. 

To  reduce  lengthy  repetitiveness,  the  terms  "3.0"  or  "3.0  curve" 
are  used  to  designate  “3.0  pH  treatment  curve,"  similarly  for  "3.7“  and 
"control."  In  addition,  "control"  signifies  "4.6  pH." 

The  unit  "cm"  is  used  to  designate  both  soil  depth,  e.g.,  "15  cm 
and  75  cm  depth"  and  quantity  of  added  rain,  e.g.,  *45  cm  rain." 
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In  the  first  antf  second  sections,  ion  mobilities  versus  incressing 
rainfall  are  expressed  as  curves.  These  corves  are  compared  in  de- 
scribing the  mobilities  for  the  various  elements  as  Influenced  by  treat- 
ment and  depth.  In  addition,  the  means  (ng/L)  for  each  curve  for  each 
element  are  given  for  the  various  comparisons  as  a final  statement  under 
each  section  to  express  the  average  effect  as  a figure.  These  curve 
conparisons  which  show  the  coplexity  and  interrelationships  of  the  ion 
mobilities  are  the  most  interesting  aspect  of  the  research  both  in  the 
field  and  the  laboratory  experiments. 

In  order  to  compare  the  relative  magnitudes  of  ion  loss,  the  con- 
version from  mg/L  basis  to  milliequivalents  per  liter  (me/t)  basis  was 
performed  for  the  three  treatments  pH  3.0,  3.7,  and  4.6  for  each  of  the 
two  depths  15  and  75  cm. 

The  third  section  describes  the  vertical  and  horizontal  water  flow 
patterns  at  the  field  site  in  the  first  two  parts,  respectively.  The 
original  scope  of  the  research  was  to  describe  Ion  mobilities  as  affected 
by  acid  rain  in  the  rooting  zone  of  the  Candler  soil  (as  given  in  the 
first  and  second  sections).  However,  the  positive  results  and  the 
dynamics  of  ion  mobility  increased  the  interest  to  investigate  (1)  ver- 
tical soil  water  movement  with  depth  from  the  soil  surface  to  the  water 
table,  (2)  horizontal  water  movement  in  the  water  table  zone  toward  the 
late  from  the  plot  zone,  and  (3)  tne  chemistry  of  the  soil  water  with 
time  in  this  two-dimensional  phase.  In  order  to  assess  the  magnitude 
of  Ion  losses,  it  is  necessary  to  know  the  quantity  of  soil  water  loss 
as  well  as  the  concentration  of  ions  in  soil  solution.  In  order  to 
obtain  the  former,  the  additional  experiment  as  described  in  Chapter  3 


{Materials  and  Methods)  was  performed,  the  results  of  which  are  given 
in  this  section.  The  hydrological  results  were  obtained  using  the 
neutron  probe  in  the  vertical  soil  profile  and  the  well  recorders  in  the 
horizontal  water  table  profile.  The  chemical  analytical  results  were 
determined  over  a U day  period  in  Che  vertical  profile  using  soil  solu- 
tion  sample  tubes  and  in  the  horizontal  water  table  profile  using  vertical 
wells  as  sampling  sites  at  various  locations  between  the  plot  well  and 
the  lake. 

The  fourth  section  sunaarizes  in  detail  the  data  from  the  first 
three  sections.  These  sections  are  concerned  with  exchange  mechanisms 
and  comparisons  of  ion  movements  and  losses  throughout  irrigation 
periods.  However,  figures  for  total  loss  for  each  of  the  various  ions 
for  the  Irrigation  periods  are  required  if  the  magnitude  of  ion  loss 
(and  adsorption)  are  to  be  assessed  for  practical  purposes.  Total  ion 
losses  are  expressed  as  kilograms  per  hectare  (kg/ha)  in  order  to  relate 
to  (1)  current  fertility  practices  in  agriculture  and  forestry,  (2)  known 
losses  via  plant  uptake  and  cropping,  (3)  losses  by  the  effect  of  acid 
rain  compared  to  the  total  available  ions  in  the  soiT,  and  (4)  various 
other  comparisons.  Total  ion  losses  are  also  expressed  as  kiloequivalents 
per  hectare  {£  x 10  /ha  or  kEq/ha  in  some  literature)  in  order  to  compare 
cation  versus  anion  losses  for  mass  balance  calculations,  to  relate  to 
H adsorption,  and  to  relate  to  other  literature.  Total  losses  for  all 
major  cations  and  anions  are  required  for  meaningful  mass  balance  data. 
This  is  why  such  a comprehensive  analytical  effort  was  made.  Losses  due 
to  the  effects  of  the  acid  rain  treatments  can  then  be  estimated  by  net 
losses  (treatment  minus  control).  In  addition,  field  versus  columi 


comparisons  can  be  maae.  Various  other  comparisons  such  as  cation  loss 
to  cation  exchange  capacity,  changes  In  base  saturation,  total  loss  of 
cations  to  base  saturation  and  total  eichange,  and  depletion  of  exchange- 
able cations  by  the  treatments  can  also  be  made. 

Mass  balance  data  for  total  Ions  both  as  kg/ha  and  E x 10^/ha  are 
also  readily  calculated  showing  the  magnitude  of  total  Ion  loss  past  two 
depths  for  the  three  treaftnents  for  field  and  colunm.  Since  sulfate, 
nitrate,  and  hydrogen  are  the  major  Input  ions  In  the  acid  rain,  their 
adsonJtion  affects  the  losses  of  other  Ions.  The  magnitude  of  total  and 
net  adsorption  are  calculated  for  these  three  Ions.  Total  and  net  losses 
for  the  cations  are  also  calculated  and  compared  to  H adsorption.  Since 
A1  mobility  directly  affects  root  development  and  nutrient  uptake  by 
plants,  the  magnitude  of  A1  mobilization  Below  15  and  75  cm  depths  Is  of 
great  significance  to  the  plants  and  has  implications  for  grountoter 
and  lake  systems.  Thus  A1  mobility  and  Inmoblllzatlon  with  depth  are 
calculated  for  the  field  and  column  studies. 

One  of  the  objectives  was  to  compare  the  field  and  colum  approach 
for  agreement  on  Ion  losses.  These  conparisons  Indicate  the  feasibility 
of  using  coluim  studies  for  estimating  field  losses.  Comparisons  are 
made  for  the  pH  3.7  treatment. 


CHAPTER  4 

RESULTS  AND  OISCUSSIW 
Field  ExoerEmnts 
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Within  elerant.  althin  l.S  rm  dooth.  con»rison 
betwen  3.?  end  control  fF<ou{^  j.ll  

Celcium.  The  3.7  treatment  was  consistently  above  the  control. 
Both  curves  rose  to  a peak  at  the  13  cm  rain  and  slowly  decreased.  The 
peaks  were  7 and  S mg/L,  respectively,  with  means  being  4.63  and  3.72 
mg/L,  respectively. 

Haqnes ium.  The  3.7  treatment  was  consistently  above  the  control. 
Both  curves  rose  to  peaks  at  15  and  2D  cm  rain,  respectively.  The  3.7 
treatment  slowly  decreased  to  50  cm  rain  with  the  control  remaining 
uniformly  level.  The  peak  concentrations  for  the  3.7  and  control 
treatments  were  1.7S  and  1.0  mg/L,  respectively,  'me  mans  were  1.44 
and  0.76  ng/L,  respectively. 

Potassium.  The  3.7  treatment  was  consistently  above  the  control. 
Both  curves  were  essentially  flat  in  aspect,  but  very  undulating,  with 
no  outstanding  peaks.  TNe  means  were  3.24  end  2.74  mg/L,  respectively. 

Aimnonium-nltroqen,  The  3.7  treatment  was  generally  above  the 
control.  The  former  rose  to  a peak  at  10  cm  rain  then  snowed  a sharp 
decrease.  The  control  also  rose  at  the  10  cm  rain,  with  a generally 


-82- 


-83- 


Figure  4.1.  Effects  of  two  treatments  of  SO  cm  Irrigated  acid  rain  on 
tile  movement  of  ions  at  two  depths  under  field  conditions. 


-M- 


Figure  4.1.  Continued. 
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less  steep  decrease  to  50  cm.  The  peaks  were  1.1  and  0.80  mg/L, 
respectively.  Kith  the  means  being  0.70  and  0.57  ng/L,  respectively. 

Sulfate.  The  SO^  shoKed  a sIok  rise  to  peak  at  78  ng/L  at  32  cm 
rain  for  the  3.7  treatment.  The  control  curve  was  generally  flat,  then 
rose  to  peak  at  35  cm  rain  at  17  mg/L.  Both  curves  were  slightly  above 
the  Input  sulfate  concentrations.  The  wans  were  17.7  and  g.l  ng/L, 
respectively. 

Hltrate-nltronen.  Both  treatments  were  in  close  proximity  and 
decreased  from  0.4  mg/L  to  a very  low  concentration.  The  means  were 
0.17  and  0.15  ng/L,  respectively. 

Phosphorus.  The  3.7  treatment  was  consistently  above  the  control. 
Both  curves  exhibited  steep  Increases  to  peak  at  30  cm  rain,  then  de- 
creased precipitously  to  very  low  concentrations  at  the  35  cm.  The 
peak  concentrations  were  260  and  200  ug/L,  respectively,  with  means 
being  124  and  SO  ug/L,  respectively. 

tlectrical  conductivity.  The  3.7  treatment  was  consistently  above 
the  control  and  increased  sharply  then  flattened  at  a much  lower  level 
to  50  cm  rain.  The  control  was  more  uniformly  flat  in  aspect.  The 
peaks  were  ISO  and  70  dS/cm  with  means  of  82  and  S2  dS/cm,  respectively. 

In  suimary  for  the  cations.  Mg  exhibited  the  greatest  difference 
between  3.7  treatment  and  control  on  a percentage  basis  indicating 
that  Mg  was  indeed  affected  more  than  the  other  cations.  On  an  equiva- 
lent basis  the  order  of  decreasing  dominance  was  Ca,  Mg.  K,  NH,-N.  and 
2n.  for  the  anions,  SO^  far  exceeded  NOj-N  and  PO^-P  regarding  treat- 
ment differences.  This  would  be  expected  since  SO,  was  the  major  input 
ion  in  the  acid  rain.  Both  KOj-N  and  Zn  showed  the  smallest  treatment 
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T)ie  electrical  conAictivlty.  the  overall  ionic  strength  iiWicator, 
showed  that  the  greatest  differences  between  3.7  treatment  and  control 

acid  rain,  ^parently  the  3.7  treatment  removed  the  ions  relatively 
quickly  in  the  irrigation  series  and  the  differences  disappeared  as 
the  soil  equilibrated  with  the  3.7  treatment  after  the  initial  flush 
of  ions. 


MiUiln  eleynt.  within  75  cm  depth,  conparl! 


Calcium,  The  3.7  treatment  was  consistently  above  the  control. 
Both  curves  were  generally  flat  with  two  midpeaks  in  both  curves.  The 
means  were  3.23  and  2.27  mg/L,  respectively. 

Magnesium.  The  3.7  treatment  was  consistently  above  the  control. 
The  3.7  curve  was  generally  flat  until  the  latter  irrigations  when  it 
rose  sharply  and  remained  high  for  the  duration  of  the  period.  The 
control  curve  was  generally  flat  throughout  but  rising  slightly  with 
rainfall.  The  means  were  l.M  and  0.65  mg/L,  respectively. 

Potassium.  The  3.7  treatment  was  consistently  above  the  control 
throughout  the  irrigation  period,  and  showed  a slow  undulating  rising 

remained  flat.  Means  were  1,92  and  1.36  mg/L,  respectively. 

Aimonium-nitrogen.  Although  both  curves  were  in  close  prsaimity, 
the  3.7  treatment  was  slightly  above  the  control  at  the  early  irriga- 
tions, then  decreased  to  below  the  treatment  during  the  latter  Irriga- 
tions. Both  decreased  from  a high  initial  level  of  0.8  mg/L.  Means 
were  0.55  and  0.52  mg/L,  respectively. 
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Sulfatg.  Both  curves  were  essentially  flat  »ith  undulations, 
especially  for  the  3.7  curve.  Although  the  data  were  not  complete, 
there  was  a rising  tendency  at  the  letter  irrigations,  as  in  the  IS  cm 
curves.  Means  were  5.6  and  4.9  ng/L,  respectively,  both  below  the  input 
50,  concentrations,  thus  indicating  sulfate  adsorption. 

Nitrate-nitrogen,  Both  curves  showed  similar  sharp  decreases  and 
were  in  close  proximity.  Means  were  0.30  and  0.15  ng/L.  respectively. 

Phosphate  phosphorus.  Both  the  curves  were  in  close  proximity 
indicating  little  treatment  effect  at  75  cm  depth.  The  means  were 
0.044  and  0.038  ng/L.  respectively. 

Electrical  conductivity.  The  curves  showed  less  difference  in 
treatments  at  the  75  cm  depth  than  at  the  15  cm  depth.  Although  there 
was  an  initial  discernible  difference  between  treatments,  especially 
with  two  early  peaks  which  corresponded  to  increases  in  Ca.  Mg,  and  K, 
the  curves  for  this  depth  were  essentially  in  close  agreement. 

In  suninary,  the  same  conclusions  can  be  drawn  for  the  75  cm  depth 
as  for  the  15  cm  depth.  The  most  striking  treatment  difference  was  with 
Mg  during  the  latter  irrigation  when  there  was  a precipitous  increase 
In  Mg.  This  could  be  explained  by  the  movement  in  a delayed  fashion 
of  Mg  from  the  surface  15  cm  to  the  75  cm  depth  with  increasing  rain 
additions.  On  an  egoivalent  basis,  Ca  showed  the  greatest  difference 
between  treatments,  followed  by  Mg,  K,  and  very  little  differences  noted 
for  SO,.  NOj-K,  2n,  and  P0,-P. 
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CaUlum.  Both  curves  were  sinfler,  rising  during  the  early  Irri- 
gations and  decreasing  $1omI>  to  50  cn  rain.  The  Ca  was  higher  in  the 
IS  cn  depth  than  at  76  cm  depth.  Means  were  4.63  and  3.24  ng/L. 
respectively. 

Haoneslun.  The  curves  were  very  dissimilar  Indicating  that  the 
movenent  patterns  of  Hg  were  depth  dependent.  The  15  on  curve  showed 
a sharp  rise  early  in  the  irrigation  period  and  a slow  decrease  to  50  cm 
rain.  The  75  cm  depth  curve  showed  a flat  unifom  curve  with  a sharp 
rise  in  the  Tatter  irrigations.  This  indicated  a net  movenent  of  Mg 
from  the  upper  to  lower  portion  of  the  profile  for  the  3.7  treetnent. 
Means  were  1.44  and  1.09  ng/L,  respectively. 

Potassium.  Both  curves  were  undulating,  which  appeared  to  be  a 

concentration  than  the  75  cm  curve.  Means  were  3.23  and  1.92  ng/L, 
respectively. 

himonium-nltrocen.  Although  the  15  cn  curve  was  higher  in  concen- 
tration than  the  75  cn  curve,  both  curves  eihibited  siniTar  patterns. 

Both  increased  sharply  and  steadily  decreased  to  baseline  again  at  50  cn 
rain.  Means  were  0.69  and  O.SS  mg/l,  respectively. 

Sulfate.  The  curves  were  dissimilar.  The  IS  cm  curve  rose  steadily 
and  uniformly  to  high  concentrations.  The  75  cn  curve  remained  low  and 
essentially  flat,  never  approaching  the  input  50^  concentration.  This 
indicated  initial  nobility  of  the  sulfate  to  below  15  cn  depth  with 


epth.  The  increase 
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CDncentratians  ibove  t)i«  input  concntrations  indicated  sulfate  input 
from  outside  sources.  The  increases  occurred  during  the  latter  irriga- 
tions which  was  during  the  sunuer  period.  The  ambient  rainfalls  at 
this  period  of  the  >ear  could  be  carrying  increased  amounts  of  sulfur 
from  outside  sources.  Keans  were  17.7  and  S.G  aig/L,  respectively. 

Nitrate -nitrogen.  The  15  cm  curve  was  much  lower  than  the  75  cm 
curve  in  NO2-N  concentration.  This  indicated  greater  natural  nitrate 
accumulation  at  depth  in  Che  Candler.  However,  both  curves  decreased 
with  increasing  irrigation  rainfall  which  could  be  due  to  decreased 
microbial  activity  during  the  sunnier  months.  Keans  were  0.16  and  0.30 
ng/L,  respectively. 

Phosphorus.  The  IS  cm  curve  was  much  higher  tn  concentration  of  P 
than  the  7S  cm  depth.  This  Indicated  that  the  exchangeable  P was  higher 
in  the  soil  at  the  surface  and  was  removed  by  the  3.7  pH  rein.  There 
was  little  P at  the  75  cm  depth,  Both  P curves  decreased  sharply  at  the 
latter  irrigations.  The  amount  of  irrigation  that  occurred  might  have 
depleted  the  soli  of  the  exchangeable  P by  the  completion  of  the  Irri- 
gation period. 

flectrical  conductivity.  The  EC  curves  showed  that  the  ionic 
strength  was  higher  at  the  IS  cm  than  the  75  cm  depth.  This  indicated 
that  there  was  an  overall  decrease  in  the  equivalent  amounts  of  ions 
present  as  the  water  moved  to  the  lower  depths.  Although  the  individual 
curves  for  the  elements  showed  that  the  cations  were  indeed  moving  to 
below  the  75  cm  depth,  there  was  a net  decrease  in  ion  movement  with 
depth.  This  could  be  due  to  the  continual  absorption  of  K and  SO.  in 
the  upper  profile.  The  soil  :S0^;cation  bridging  would  also  slow  the 
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movenent  of  catfons  to  depth.  There  is  probably  a point  at  some  depth 
in  the  soil  profile  where  there  is  a net  eppilfbriun  point  where  net 
movement  ceases-  However,  this  would  depend  to  a great  eitent  on  the 
volume  and  pH  of  the  input  water.  Large  rainfalls  could  carry  the 
displaced  ions  to  the  water  table  in  these  porous  sands. 

Within  element.  wiUiin  control  treatment,  comparison 


Calcium,  magnesium,  and  potassium.  In  all  three  cases,  the  control 
curves  were  higher  at  the  15  on  depth,  showed  a more  concave  curve,  and 
were  more  undulating  than  the  75  cm  depth  curves.  This  showed  that  even 
the  ambient  rain  continually  affected  the  soil  chemistry  by  continually 
leaching  the  cations  from  the  soil  upper  profile.  This  must  be  occurring 
since  the  cation  concentration  in  the  ambient  rain  and  throughfall  Is 
much  below  that  found  In  the  15  cm  soil  solution  sanple.  Thus  there  is 
continual  eachange  processes  occurring,  with  subsequent  adsorption  of 
the  exchanged  and  removed  cations  at  lower  depths  in  the  profile. 

ftimonium-nitrooen.  The  15  cm  and  75  cm  curves  were  very  similar 
in  pattern  and  concentration  indicating  a more  or  less  uniform  distri- 
bution of  this  species  with  depth.  Since  the  rainfall  input  was  very 
low,  the  source  for  NH^-N  must  have  been  microbial  and  occurred  at  the 
upper  cm  in  the  soil.  Denitrification  was  probably  also  occurring. 

Sulfate.  There  was  a higher  concentration  of  SO.  in  the  15  cm 
than  the  75  cm  depth.  This  can  be  partly  explained  since  the  input 
irrigation  rain  control  had  an  elevated  SO^  concentration.  As  the 
Irrigating  water  moved  vertically  downward.  SO^  adsorption  occurred  to 
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lo«ier  the  concentration  at  75  cm  depth.  In  addition,  airtiient  rainfall 
and  dryfall  could  have  contributed  to  the  natural  SO,  input  at  the  soil 
surface  In  a continual  manner,  especially  during  the  sunner  period, 

HUrate-nltrooen.  The  15  cm  and  75  cm  curves  were  very  similar 
In  pattern  and  concentration  for  this  1on,  This  Indicated  a natural 
even  distribution  of  HOj-H  in  the  soil  profile.  A decrease  occurred 
uniformly  regardless  of  depth  as  the  irrigation  period  progressed.  This 
could  have  been  a naturally  occurring  reduction  1n  TO,-N  formation  with 
time,  i.e.,  seasonal  fluctuations.  The  fact  that  the  NO^-II  In  the  3.7 
treatnmnt  vras  also  at  the  control  concentration,  despite  the  elevated 
NOj-N  concentration  1n  the  3.7  treatment  water,  indicated  possible  uptake 
by  plants  and  microarganisms. 

Electrical  conductivity.  The  electrical  conductivity  curves  re- 
flected the  Increased  ionic  strength  at  the  upper  15  cm  vls-i-vis  the 
75  cm  d^th.  This  was  a natural  and  continual  ion  movement  from  the 
surface,  with  possible  contribution  from  microbial  activity,  throughfall, 
natural  additions  by  dryfall,  etc.  In  addition,  the  Input  irrigation 
water  was  in  the  range  of  throughfall  chemistry. 


1982 

Within  elenmnf.  within  15  rm  ilwnth 

among  3.0,  3:?,  and  control  fFTnure  d.?l 

Calcium.  The  3.0  curve  was  consistently  above  and  nuch  higher  than 
the  3.7  and  control  curves.  All  curves  rose  early  In  the  irrigations, 
indicating  tha  effect  that  all  treatments  had  on  the  Ca  soil  chemistry. 
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Figure  4.?.  Conti 


Figure  4.2.  Continued. 


althougn  the  control  wes  consistently  below  the  aclil  rain  treateients. 

A11  decreased  over  the  irrigation  period.  Keans  were  6.36.  4.66.  and 
3.49  log/L,  respectively. 

Haqnesioit.  The  3.0  curve  was  nich  higher  and  consistently  above  the 
3.7  and  control  curves.  It  rose  very  early  in  the  irrigation  indicating 
rapid  displacement  of  Mg  from  the  exchange  sites.  The  3.7  was  also  con- 
sistently above  the  control,  the  control  being  essentially  flat.  Both 
3.0  and  3.7  curves  followed  similar  patterns  of  decreasing  magnesiuni  with 
increasing  rainfall.  Keans  were  1.79,  1.02,  and  0.77  ii«/L.  respectively. 

Potassium.  All  three  curves  were  very  undulating.  Obviously,  the 
different  treatments  had  little  effect  on  the  magnitude  of  X release 
from  the  soil  exchange  sites.  There  was  a slow  continual  release  of  X 
which  was  independent  of  hydrogen  concentration  in  the  range  from  20  to 
lOOO  ueq/L.  There  was  a decreasing  trend  with  Increasing  rainfall. 

Keans  were  1.69,  1.52,  and  1.66  mg/L,  respectively. 

Aimonium-nitrooen.  All  three  curves  were  very  undulating  showing 
• slow  decrease  with  irrigation  rain  for  the  3.7  and  control.  The  3.0 
curve  remained  high  and  dominated  the  latter  rainfalls.  This  would 
Indicate  denitrification  was  occurring  since  the  elevated  levels  of 
hH^-N  were  resulting  from  the  elevated  levels  of  NO^-N  1n  the  3.0  acid 
rain.  Means  were  0.62,  0.43,  and  0.41  mg/L,  respectively. 

Sodium.  Sodium,  being  In  elevated  concentrations  In  the  rain  irri- 
gation water,  showd  little  difference  among  the  three  treetments.  The 
rainfall  events  were  clearly  discernible  with  all  three  curves  moving 
in  unison  with  increased  rainfall.  The  means  for  3.0,  3.7,  and  control 
were  3,96,  4.04,  and  3.77  rag/L,  respectively. 


£H-  The  control  curve  remained  essentially  flat  and  high  at  a mean 
of  6.«  for  the  irrigation  period.  Both  the  3.7  and  3.0  curves  dropped 
steadily  as  acid  rain  was  applied,  the  3.0  curve  dramatically  so.  It 
Kas  clear  that  the  3.7  treateent  was  having  a constant  effect  of  lowering 
the  pH  of  the  soil  and  extrapolations  could  be  made  as  to  the  quantity 
required  to  approach  the  critical  pH  level  for  Al*^  solubility.  The  3.0 
curve  dropped  below  the  soil  suspension  pH  at  4.87  by  mid-irrigation 
period  and  at  100  cm  rain  was  pH  4.2.  The  dramatic  decrease  at  the 
latter  irrigations  corresponded  to  an  equally  sharp  increase  in  A1  In 
the  solution.  The  final  pH  of  the  soil  leachates  at  100  cm  rain  irriga- 
tion were  4.2,  5.2,  and  6.2  for  the  3.0,  3.7,  and  control  treatments, 
respectively.  This  was  dramatic,  considering  that  the  plot  leachates 
were  uniform  at  pH  6.3  at  the  connencefnent  of  the  irrigations.  i%ans 
were  4.87,  5.55,  and  6.40  tor  3.0,  3.7,  and  control,  respectively. 

Aluminum.  All  three  curves  were  in  close  proKimity  and  uniform  at 
a low  concentration  for  the  early  irrigation  period.  Thence  the  3.0 
curve  increased  sharply  and  remained  at  a high  concentration  during  the 
latter  50  cm  of  rain  irrigations.  The  3.7  curve  also  rose  but  slowly 
and  less  dramatically.  The  control  curve  was  unifomily  low  and  flat. 

The  dramatic  rise  of  the  3.0  treatment  corresponded  to  a similar  sharp 
rise  in  hydrogen  or  a lowering  of  the  pH  to  a level  where  trivalent  A1 
entered  the  system  due  to  a change  in  the  speciation  from  AKOH)^.  This 
was  a significant  increase,  the  concentration  being  in  the  highly  toxic 
ranges  to  plant  roots  and  occurred  not  too  much  below  the  natural  pH  of 
the  soil  at  the  Take  site.  However,  It  is  not  feasible  to  expect  that 
rainfalls  of  this  amount  and  low  pH  would  occur  naturally  at  the  site. 
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TTius  Observing  the  curve  of  the  3.7  treetment  wouid  be  more  reasonable 
In  the  short  term.  Even  here,  the  A1  did  not  increase  until  75  cm  rain 
had  fallen  at  3.7  pH.  The  peak  approached  0.2  mg/L  A1  which  was  border- 
line concentration  in  soil  solution  for  adverse  effects  on  plant  roots. 
Howver,  the  implication  was  very  clear  for  the  effect  of  specific  acid 
rain  events  of  low  pH  on  releasing  an  overpowering  amount  of  aluninun  to 
the  soil  biological  system.  Means  were  1.39,  0.12,  and  0.05  mg/L, 
respectively. 

Sulfate.  The  3.0  curve  was  consistently  much  higher  than  the  3.7 
curve,  idiich  was  also  above  the  control  curve  although  not  so  dramatic 
quantiutively.  The  3.0  curve  was  concave  with  one  large  undulation 
early  in  the  irrigation  period.  This  can  be  explained  by  a heavy  rain- 
fall that  occurred  between  the  irrigation  and  sampling  time  interval. 
Sulfate  at  3.0  rose  above  the  input  concentration  for  a short  duration 
then  fell  below  due  again  to  heavy  rains  at  the  field  site.  The  3.7 
curve  had  a similar  pattern  but  rose  only  slightly  above  the  input  SO^, 
the  peak  being  delayed  conpared  Co  the  3.0  treatment,  then  decreased. 

The  control  approached  the  input  concentration  and  remained  unlfoimly 
at  this  level.  Thus  the  curves  were  similar  from  this  viewpoint.  The 
initial  delay  in  the  3.0  and  3.7  curves  Indicated  that  SO^  adsorption 
was  occurring.  Means  were  32.2,  11,7,  and  7.1  mg/L,  respectively. 

Hitrate-nitrooen.  The  3.0  curve  was  much  higher  than  the  3.7  curve, 
which  was  only  slightly  higher  than  the  control  curve.  The  3.0  curve 
had  undulations  reflecting  the  sensitivity  of  HOj-H  to  fluctuations  by 
ambient  rainfall.  Us  nobility  and  leachability  was  readily  seen  in  the 
large  trough  that  occurred  at  the  50  cm  rain  period  when  three  large 
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rainstoras  leached  the  Irrigation  water  as  a post-irrigation  rainfall. 
Both  3.0  and  3.7  treatments  were  well  below  the  input  concentrations. 

This  Indicated  rapid  uptake,  adsorption,  or  denitrification  of  the  input 
nitrate.  Since  the  sulfates  were  being  extracted  into  the  sampling 
tubes  near  the  input  concentrations,  we  can  assume  that  the  N0--N  as 
determined  was  indeed  the  absolute  amounts  present  and  that  the  sampling 
system  was  efficient.  Hears  were  0.77,  0.26,  and  0.22  mg/L,  respec- 

Electrical  conductivity.  The  3.0  EC  curve  showed  the  overall  ionic 
content  and  reflected  the  movement  closely  of  the  two  aejor  ions  in  the 
system  which  were  Ca  as  the  cation  and  SO,  as  the  anion  on  a quantita- 
tive basis.  The  relative  effects  of  the  two  treatments  on  the  overall 
movement  of  ions  could  be  readily  seen  conpared  to  the  control.  Hears 
were  106.3,  57.9,  and  49.4  dS/cm,  respectively. 

Within  element,  within  7S  cm.  comparison  amono 
3.O.  3.7,  and  control 

Calcium.  The  three  curves  originated  closely  together  and  gradually 
separated,  with  the  3.0  turve  increasing  as  the  other  curves  gradually 
decreased  with  rainfall.  The  3.0  curve  peaked  at  8.5  mg/L  at  65  cm  rain 
in  the  irrigation  period.  The  3.7  curve  renwined  higher  than  the  control 
curve  and  peaked  at  35  cm  rain  in  the  irrigation  period  at  6.6  mg/L. 

The  control  slowly  decreased  from  a peak  at  20  cm  rainfally  of  5.5  mg/L. 
The  3.0  curve  became  increasingly  dominant  with  increasing  rainfall. 

Heans  were  5.65,  4.77,  and  3.51  ti^/L,  respectively. 


nov«nent 


similar  to  Ca, 


Haonesimn.  TJie  pattern  of  Mg  ion 
3.0  and  3,7  curves  peaking  later  than  the  control  in  the  irrigation 
sequence  and  then  decreasing  slowly.  The  control  remained  unifonnly 
flat  and  below  the  3.7  curve.  The  peaks  for  the  three  treatments  3.0, 

3.7.  and  control  were  2.46.  1.20,  and  0.98  mg/L,  respectively.  The  3.0 
curve  became  dramatically  daninant  with  increasing  rainfall.  Means  were 
1.51,  0.92,  and  0.76  ng/L.  respectively. 

Potassium.  All  three  curves  were  very  undulating  yet  exhibited  a 
generally  flat  aspect  with  all  curves  being  in  close  proximity  to  one 
another.  The  effect  of  the  leaching  ambient  rain  period  could  be  clearly 
seen  in  all  concurrent  curves  at  50  cm  rain,  all  plots  recovering  quickly 
to  resupply  X. 

Ammonium-h.  All  three  treatment  curves  decreased  throughout  the 
Irrigations  with  the  control  curve  undulating  widely  and  dceiinatlng 
the  three  patterns.  The  fact  that  the  3.0  and  3.7  treatment  curves 
showed  lower  concentrations  of  NH^-N  at  the  75  cm  depth  than  the  control 
indicated  that  there  was  increased  rapid  leaching  of  the  by  the 

increased  supply  of  other  cations  especially  Ca  and  Mg. 

Sodium,  Sodium  was  present  in  the  irrigation  rain  at  a high  con- 
centration (4  mg/L).  This  was  unfortunate  in  one  way  in  that  the  real 
sodium  mobility  could  not  be  determined  because  of  this  high  external 
input.  However,  the  constant  high  concentration  of  this  cation  was 

in  the  concentration  curves.  Both  the  15  cm  and  75  cm  curves  were 
coincidal  and  reflected  dilution  of  the  soil  solution  by  rainfall 

n the  Irrigation  sequence.  Such  a curve  depression 


rly  and  late  ir 
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could  bs  used  as  an  Indicator  of  the  degree  of  dilution  and  the  time 
effect.  This  could  be  Important  if  adjustments  wre  to  be  made  for 
estimating  suspected  losses  via  diluting  rain  water.  These  Ipsses  could 
readily  be  seen  in  the  Ca  and  Hg  curves*  and  are  pronounced  in  the 
N0j-«  curves. 

£H.  The  3.0  curve  showed  a steady  slow  decline  at  the  75  cm  depth 
wiOi  two  precipitous  troughs  iffiich  coincided  with  the  leaching  rains 
that  occurred  at  intervals  in  the  irrigation  study.  The  3.7  curve 
coincided  closely  with  the  3.0  curve  and  both  treatment  curves  were 
consistently  below  the  control  curve  which  remained  relatively  flat 
throughout  the  irrigation  period.  The  pH  troughs  in  the  curves  were 
the  result  of  the  hydrogen  being  leached  from  the  upper  surface  in  the 
porous  sands  to  the  75  cm  depth  and  beyond.  This  indicated  the  rapid 
response  to  low  pH  and  Intensity  pf  nain  over  a short  period  of  time, 
and  also  the  reequilibrium  capacity  of  the  sandy  soils.  The  means  for 
the  3.0,  3.7,  and  control  curves  were  pH  5.92.  6.02,  and  6.93, 
respectively. 

Aluminum.  All  three  curves  were  uhiformly  low.  in  close  proximity, 
and  flat  with  some  undulations  in  the  later  Irrigations.  The  level  of 
A1  in  solution  at  75  cm  was  obviously  very  low.  This  was  not  unex- 
pected, considering  the  relatively  high  pH  of  the  three  soil  leachate 
solutions  at  75  cm  depth.  The  pK  was  not  low  enough  for  Al^’  to  dominate 
the  aluminum  species.  Means  were  0.044,  0.044,  and  0.030  mg/L, 
respectively. 

Sulfate.  The  three  curves  were  flat  and  in  close  proximity  during 
the  early  irrigations.  Thence  the  3.0  curve  rose  sharply,  remained  at 
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22  mg/L  SO^  for  thr«  irrigations  and  decreased  to  14  aig/L,  rewining 
so  to  100  cm  rain.  The  3.7  curve  rose  less  dramatically,  peaking  at 
60  cm  and  later  than  tne  3.0  curve,  and  then  slowly  decreased.  The 
control  curve  was  essentially  flat.  Neither  of  the  3.0  nor  3.7  curves 
approached  the  input  sulfate  concentrations,  while  the  control  did 
approach  its  input  concentration  of  7 ng/L  SO,.  The  3.0  curve  exhibited 
sulfate  adsorption,  the  increase  at  midrange  of  the  irrigations  indi- 
cating downward  movement  of  the  SO,  from  the  upper  profile  as  adsorption 
equilibrium  was  reached.  The  decrease  thereafter  could  he  the  result  of 
heavy  rains  that  occurred  at  this  time  in  the  Irrigation  sequence,  and 
the  soil  was  recovering  as  the  irrigation  period  ended-  The  3.0  curve 
showed  the  same  trend,  although  less  dnanatically.  Naans  for  the  3.0, 
3.7.  and  control  treatments  were  14.4,  8.3,  and  4.4  iiig/L,  respectively. 

HItrate-nitroaen.  Although  the  3.0  curve  dominated  the  irrigation 
period,  there  was  not  the  difference  among  the  curves  that  would  be 
enpBcted  considering  the  differing  amounts  of  NOj-H  in  the  input  acid 
rain.  This  again  reflected  losses  either  to  plants  and  microonganisns, 
denitrification,  adsorption,  or  natural  accumulation  at  the  75  cm  depth 
in  the  3.7  and  control  plots.  The  3.7  and  control  curves  were  In  fact 
almost  coincident  curves  indicating  nitrate  uptake  or  conversion.  This 
indicated  that  the  HOj-N  in  the  3.0  treatment  was  not  completely  con- 
verted nor  absorbed  by  plant,  soil,  or  microorganism  and  was  moving  to 

would  reach  the  water  table  would  depend  on  the  depth  to  water  table 
beyond  75  cm.  The  means  for  3.0.  3.7,  and  control  were  0.71,  0.44, 
and  0.45  mg/L,  respectively, 
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Electrical  conductivity.  The  3.0  EC  curve  Increased  gradually  to 
peak  at  50  cm  then  decreased  slowly.  This  high  peak  coincided  with  the 
SO^,  Ca.  and  Mg  peaks,  the  major  ions  In  the  system.  The  3.7  and  con- 
trol ourvBS  were  lower  and  more  flat  in  aspect  reflecting  lower  ion 

were  66.2,  52.S,  and  55.8  dS/om,  respectively. 

Hithin  elements,  aiona  treatments,  comparison  between 

15  and  75  O'  deott.s  [Haure  

Calcium.  For  the  3.0  treatment,  the  IS  cm  curve  rose  higher 
dramatically  to  12.6  mg/L  during  the  First  50  cm  rain,  then  decreased 
to  6 eg/L,  The  75  cm  depth  curve  rose  to  become  slightly  dominant  above 
6 ng/L  as  the  rainfall  irrigations  continued.  This  was  a classic  ex- 
ample of  cation  movement  down  the  profile.  With  increasing  additions 
of  acid  rain,  the  exchangeable  Ca  decreased  at  the  15  cm  depth  under  the 

the  profile  past  75  cm  depth  as  a cation  front,  This  time-delayed  front 
could  Chen  be  observed  at  the  75  cm  depth  as  an  increase  in  Ca  in  the 
soil  solution  at  the  later  irrigations  peaking  at  60  cm  rain  at  8 mg/L 
Ca.  As  irrigation  continued,  even  the  75  cm  depth  was  becoming  depleted 
of  exchangeable  Ca  as  was  also  the  IS  cm  depth  and  the  curves  bpth 
slowly  decreased.  This  pattern  cannot  be  seen  as  readily  for  the  3.7 
treatment  nor  in  the  control.  However,  both  treatments  showed  the 
general  decrease  with  rainfall  of  the  Ca  levels  in  soil  solution.  The 
lower  ionic  strength  acid  rain  of  the  3.7  treatment  leached  the  Ca  less 
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8.36  and  5.55;  for  3.7  pH  Uiey  were  4.35  and  4.77;  and  for  control 
were  3.49  and  3.61,  respectively. 

Magnesium.  The  dramatic  movement  of  Mg  can  be  even  more  readily 
observed  than  for  Ca  for  the  3.0  pH  treatment  for  the  two  depths. 
Magnesium  rose  very  quickly  at  the  IS  cm  depth  to  a peak  of  2.6  mg/L 
at  2D  cm  rain  but  decreased  as  the  rain  continued.  Simultaneously, 
the  Mg  rose  In  a steady  sloping  curve  at  75  cm  depth  to  peak  at  2.4  mg/L 
at  50  cm  rain.  This  Indicated  almost  perfect  frontal  movement,  i.e., 
little  adsorption  with  movement  down  the  profile  with  gradual  depletion 
of  the  Mg  to  a low  steady  supply  concentration.  This  moving  front  trend 
with  depth  could  also  be  observed  clearly  for  the  3.7  treatment  curves 
but  much  less  dramatically,  whereas  the  control  curves  were  near  Iden- 


tical In  shape.  This  Indicated  that  thare  was  a treatment  effect  and 
frontal  movement  even  with  the  less  acid  treaUnent.  However,  the  ancient 
rain  (control)  showed  no  differential  movement  and  a stable  continual 
desorption  nondlfferentiated  with  depth.  Keans  for  the  15  and  75  cm 
depth  for  3.0  treatment  were  1.79  and  1.51;  for  the  3.7  treatment 
were  1.02  and  0.92;  and  for  the  control  were  0.77  and  0.76  mg/L  Mg, 
respect! vely. 

Potassium.  There  was  a discernible  trend  though  difficult  to  ob- 
serve due  to  the  undulations  in  the  k with  irrigation.  Generally,  the 
K curves  for  the  three  treatments  at  15  cm  depth  were  sloping  downward 
with  Increasing  Irrigation  rain.  A flatter  aspect  could  be  observed 
for  the  three  treatment  curves  et  the  75  cm  depth.  The  heavy  rainfall 
period  could  clearly  be  observed  at  50  cm  rainfall  1n  concurrent  troughs 
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for  both  depths  for  all  treatments,  yet  the  soil  continued  to  supply  K 
at  high  concentrations  at  the  very  next  irrigation  again  tor  all  treat- 
ments at  both  depths.  These  trends  indicated  several  characteristics 
for  K movement  in  the  Candler  soil:  (1)  that  K is  exchanged  in  about 

equal  quantities  regardless  of  depth;  (2)  that  the  soil  has  rapid  K re- 
supplying capacity  and  fast  recovery  from  leaching  rainfall;  (3)  that  K 
Is  continually  moving  down  the  profile;  (4)  that  treatment  had  little 
effect  on  the  magnitude  of  K leached.  Keans  for  15  cm  and  75  cm  for 
3.0,  3.7,  and  control  treatments  were  1.65  and  1.51,  1.52  and  1.49,  and 
1.66  and  1.76  mg/l,  respectively. 

Pnmonium-nitrogen.  The  ammonium  ion  was  higher  1n  concentration  at 
the  IS  cm  than  at  the  75  cm  depth  for  the  3.0  and  3.7  treatments.  At 
3.0,  the  curve  for  15  cm  depth  was  undulating,  but  nearly  flat  in  aspect 
and  remained  high  compared  to  the  other  two  treatments.  This  indicated 
either  a rather  constant  denitrification  or  a constant  NH^-N  supply  by 
microbial  processes  separate  from  the  acid  rain  additions  since  NH.-N 
was  in  low  concentration  in  the  acid  rain,  It  was  either  adsorbed  by 
the  soil  microorganisms  or  plants  in  the  IS  to  75  on  depth  or  rapidly 
leeched  below  75  cm  since  at  75  cm  the  Nh^-N  was  lower  in  concentration 
than  the  15  cm  depth. 

The  curves  for  these  two  depths  for  the  3.7  treatment  were  much 
more  similar  in  concentration  than  the  3.0  treatment,  [t  would  seem 
that  as  the  acid  and  nitrate  concentrations  decreased  from  3.0  to  3.7 
treatment  in  the  added  rain,  the  anmonium  concentration  decreased  at 
the  IS  cm  depth  vis-5-vis  the  75  cm  depth. 


75  cm  control 


natural  soil  system  showed  clearly  the  downward  trend  with  continued 
rainfall.  The  sharp  undulations  in  the  HH^-N  concentrations  coincided 
for  the  curves  which  indicated  uniform  pnovement  with  depth  regardless 
of  treatjnent.  The  aranonium  concentration  was  higher  at  the  75  than  the 
IS  cm  depth  throughout  the  irrigation  period,  which  was  also  the  case 
for  the  hOj-N.  This  concentration  inversion  with  depth  for  these  two 
nitrogen  species  in  the  control  plots  would  Indicate  a natural  accumu- 
lation with  depth.  The  NH^-N  was  lower  for  the  3.0  and  3.7  treatments 
at  the  75  cm  than  the  IS  cm  depth  probably  due  to  greater  leaching  of 
NH^-N  by  the  increased  and  leached  cation  concentrations  of  these  two 
treatments. 


Means  fon  the  15  and  75  cm  depth  for  the  3.0.  3.7.  and  control 
tneatments  were  0.67,  0.47,  0.43.  and  0.35,  0.41,  and  0.75  rng/L, 
respectively. 

Sulfate.  For  3.0  treatment,  although  the  shapes  of  the  curves  were 
similar,  the  magnitudes  differed  greatly  between  the  IS  and  75  cm  depth. 
The  SO^  was  much  higher  in  concentration  at  the  15  cm  depth  and  would 
be  due  to  the  adsorption  of  sulfate.  Sulfate  adsorption  is  pronounced 
in  acid  kaolinitic  soils  which  have  a pH-dependent  charge.  Sulfate 
adsorption  was  observed  in  the  3.0,  3.7.  and  control  curves  treatments 
as  the  percolating  rain  moved  from  IS  to  75  cm  depth.  In  only  the  3.0 
treatment  at  15  cm  did  the  SO^  concentration  in  the  soil  leachate  in- 
crease to  above  the  input  concentration  in  the  irrigated  rain,  and  this 
was  only  for  a short  duration  for  three  irrigation  events  out  of  18 
total.  Thus  adsorption  and  movement  down  the  profile  to  depth  was  the 
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dual  fate  of  the  SO,.  Weans  for  the  IS  and  75  cm  depths  for  3.0,  3.7, 
and  control  treatments  were  32,3  and  14. d,  16.7  and  8.3,  and  7.1  and 
4.4  mg/L,  respectively. 

WUrate-nitrocen.  The  3.0  curves  were  quite  similar  in  pattern  and 
magnitude  of  NOj-N  at  eacti  depth.  The  means  were  0.77  and  0.71  nig/L, 
respectively.  However,  both  3.7  and  control  treatments  showed  higher 
nitrates  at  75  cm  than  15  cm  depth,  tne  means  being  0.26  and  0.44  for 
15  cm  and  0.22  and  0.4S  »g/L  for  75  cm.  respectively.  Nitrate  appeared 
to  increase  with  depth,  unlihe  any  of  the  other  ions  tested,  encept  for 
NH,-N.  The  3.7  and  control  curves  clearly  showed  this.  The  NQj-W  con- 
centration was  so  high  relatively  speahing  at  the  3.0  treatment  that 
this  effect  could  be  masked  by  the  high  input  concentrations.  The  con- 
centration inversion  with  depth  for  the  3.7  and  control  could  be  due  to 
the  rapid  transport  of  the  nitrate-N  from  the  15  cm  depth  range  to  the 
75  on  depth  vicinity  (which  accumulation  can  be  explained  later  in  waUr 
transport  terns  as  it  affects  soil  chemistry).  The  means  for  3.0  at  15 
and  75  cm  depth  were  0.77  and  0.71  mg/L;  for  3.7  were  0.26  and  0.44; 
and  for  control  were  0.22  and  0.45  ng/L,  respectively. 

Aluminum.  There  was  great  difference  in  A1  in  the  3.0  treatment 
for  the  15  and  75  cm  depths  and  greater  than  for  any  other  ion  tested. 
Since  the  buffering  capacity  of  the  soil  even  to  e depth  of  only  5 cm 
is  very  great,  the  effect  of  added  hydrogen  cannot  be  large  at  depth 
in  the  profile,  e.g.,  75  cm.  Since  the  pH  of  the  soil  solution  does 
not  decrease  below  5.0  at  75  cm.  the  A1  remains  as  hydroxylated  A1  (as 
AHOHjj),  Polymerixation  renders  these  hydroxyaluminum  species  essen- 
tially nonexchangeable,  It  is  only  at  the  surface  that  the  acid  rain 
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Mhlblted  Its  effects.  But  it  Is  also  at  the  surface  where  the  bulk 
of  the  nicroorganisns  are  located  and  where  the  plants  uptake  their 
nutrients  via  the  roots. 


£H.  The  mean  pH  for  the  control  curves  for  15  and  75  cm  depth  were 
6.40  and  6.93,  respectively.  These  correspond  to  H equivalents  of  0.4 
ueq/L  and  0.1  ueq/L.  respectively  (i.e.,  high  pH),  under  which  condi- 
tions A1  would  be  imnobile.  The  soluble  A1  concentrations  were  0.046 
and  0.033  mg/L.  respectively.  The  pH  means  for  the  3.7  treatment  for  15 
and  75  cm  depth  were  5.55  and  6.02  (2.8  and  1.0  geq/L),  respectively. 
Again  A1  would  not  be  expected  to  be  a problem  in  plant  nutrition  and 
the  A1  concentrations  were  0.112  and  0.044  ng/L.  respectively.  However, 
the  downward  trend  at  the  15  cm  depth  for  pH  and  corresponding  upward 
trend  for  A1  are  ominous.  The  soil  pH  of  4.7  could  be  projected  to  be 
reached  for  this  treatment  after  150  cm  acid  rainfall  at  which  point  Al*^ 
would  dominate  the  species.  The  pH  means  for  the  3.0  treatment  for  the 
15  and  75  cm  depths  were  4.87  and  5.92,  respectively  (13.5  „eqA  and 
1.2  ueq/L,  respectively),  The  corresponding  A1  concentrations  were 
1.39  and  0.044  mg/L,  respectively.  There  was  a rapid  decrease  in  pH 
and  corresponding  Increase  in  A1  for  this  3.0  pH  treatment  near  the  end 
of  the  irrigation  period  to  well  above  the  period  mean  concentrations 
for  Al  and  H.  Under  these  conditions,  Al*^  was  freely  moving  in  the 
soil  solution  and  being  leached  to  depth  below  the  15  cm  with  readsorp- 
tlon  or  iimobilizatlon  before  the  75  cm  depth.  This  has  serious  impli- 
cations for  the  low  base  saturated,  low  CEC  acid  sands. 

Electrical  conductivity.  The  electrical  conductivity,  a poten- 
tiometric  determination,  sunrarizes  in  a chemical  manner  what  the  various 
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individual  elements  are  Indicating  collectively.  The  ionic  strength 
of  the  soil  solution  decreased  greatly  as  the  solution  roved  from  15 
to  75  cm  depth-  Although  It  was  shown  that  the  cations  were  roving  in 
greater  concentrations  to  75  cm,  nonetheless,  the  SO,  adsorption  and 
H adsorption  countered  this  movement  and  caused  an  overall  decrease  in 
ionic  strength  of  the  electrolyte.  Indeed,  the  sulfate  adsorption 
could  be  retarding  even  greater  rovenent  of  the  cations.  These  dif- 
ferences were  not  so  evident  at  the  3.7  and  control  treatments.  The 
roans  for  3.0  at  15  and  75  cm  depth  were  106.3  and  66.6  unhos/cin.  The 
corresponding  roans  for  3.7  treatment  were  57.9  and  52.8  and  for  control 

Within  IS  cm.  within  3.0,  conoarison  amono 
elements 

Sulfate  was  the  major  ion  in  the  soil  leachate  throughout  the 
irrigation  period.  Calcium  moved  in  direct  relationship  to  the  sulfate 
throughout  the  period  but  at  a somewhat  lower  concentration.  Hagnesium 
was  the  third  highest  element  in  concentration  during  the  first  50  cm 
of  rain  and  showed  a flat  curve  well  below  the  Ca:S04  levels.  Then  Hg 
decreased  slowly  and  became  less  dominant  at  60  cm  since  A1  was  in- 
creasing. Both  K and  NOj-N  remained  uniformly  low  and  flat  throughout 
the  irrigation  period.  Although  hydrogen  was  the  ion  of  lowest  concen- 
tration, its  Importance  was  evident.  The  H concentration  was  very  low 
for  so  cm  rain  then  rose  sharply  by  a factor  of  10  at  the  65  cm  rain, 
levelled  until  90  cm  rain,  and  then  rose  precipitously  until  at  100  cm 
rain  H was  4th  dominant  ion  in  concentration  at  a pH  of  4.19  (64.5  ueq/t). 
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Alutnlfium  ms  the  element  iti  lowest  concentration  except  for  H of  the 
seven  elements  during  the  first  50  cm  rain.  Then  *1  Increased  slowly 
to  become  the  third  highest  element  in  concentration  behind  the  Ca:S0. 
pair  at  the  65  cm  rain  Input.  At  90  cm  rain  A1  rose  again  precipitously 
to  become  the  second  dominating  Ion  at  100  cm  rain  at  a concentration  of 
6.8  115/L  (0.762  me/L).  At  the  completion  of  the  Irrigation  period,  the 
order  of  decreasing  Ion  dominance  on  an  equivalent  basis  was  SO.,  Al. 

Ca,  H,  Hg,  hOj-N,  and  K (Figure  4.3a). 

At  the  3.7  treatment,  sulfate  was  again  the  dominant  Ion  end  was 
paired  closely  with  Ca  and  markedly  more  so  than  In  the  3.0  treatment. 
Both  «ere  at  a lower  concentration  (0.25  me/L).  Hagneslun  was  the  third 
dominant  element  exhibiting  a rather  flat  uniform  curve  In  the  0.08  me/L 
range.  Potassium  was  the  4th  dominant  ion  throughout  the  0 to  100  on 
rain  followed  by  Al.  Aluminum  was  flat  and  uniformly  low.  whereas 
HO3-N  exhibited  a slowly  rising  curve  at  mid-irrigation  then  decreased 
slowly  to  a very  low  level  hy  100  cm.  The  least  dominant  ion  again  was 
hydrogen,  although  It  exhibited  a slowly  rising  curve  to  100  cm  rain 
(pH  5.1  or  7.2  ueq/L).  The  order  of  decreasing  dominance  was  SO.,  Ca, 
Hg.  A,  Al.  NOj-N.  H (Figure  4.3b). 

Mlthln  15  cm,  within  control,  comparison  amono 

Except  for  lower  concentrations,  the  sequence  of  dominating  Ions 
followed  the  3.7  treatment.  There  was  a slight  shift  and  reversal  of 
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(a)  3.0  pH.  15  cn  SPi1  depth 


acid  rain  an  the  movefnent  of 


Figure  d.3.  Effects  of  100  cm  Irrigated  a 
Ions  under  field  conditions. 
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Figure  4.3,  Continued. 


(c)  4.6  pH.  IS  cm  S0f1  depth 
Figure  4.3.  Continued. 
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(d)  3.0  pH,  75  cm  soil 
Figure  4.3.  Continued. 
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(e)  3.7  pH. 


-115- 


-116- 


the  A1:N  ranking  so  that  the  order  of  decreasing  Ion  dominance  was  SO., 
Ca.  Mg.  X,  N,  Al,  H (Figure  «.3c). 


hitnin  75  c 


Sulfate  became  the  dominating  ion  by  mid  irrigation,  Ca  being 
slightly  higher  at  the  lower  soil  depths  for  the  first  Irrigations.  The 
Ca:SO^  curves  were  close  and  uniform  in  pattern.  Magnesium  was  the  third 
dominating  element  idiich  exhibited  a slowly  rising  curve  to  65  cm  rain 

below  the  Ca  concentrations  of  0.4  me/L  at  peak  and  0.3  «/L  at  100  cm. 
Sulfate  peaked  at  0.55  me/L  at  78  cm  rain.  The  HOj-H  was  the  fourth 
dominant  ion  almost  throughout  the  irrigation,  showing  the  Increase  of 
this  1on  In  the  soil  solution  at  greater  depth.  Potassium  was  gnlfonnly 
low  and  flat,  followed  by  Al  and  H which  were  at  very  low  activity. 

The  order  of  decreasing  ion  dominance  was  SOj,  Ca,  Mg,  NOj-N,  K,  Al, 
and  H (Figure  4.3d). 


Mithin  75  cm.  within  3.7.  comparison  among 

The  pattern  of  Ion  movement  was  the  same  for  the  3.7  treatment  as 
the  3.0  treatment  at  this  lower  depth  of  75  cm.  The  magnitudes  were 
Juch  lower  with  the  Ca:S0^  curves  lying  at  0.2  ne/L.  The  only  change  In 
the  order  of  dominance  was  the  reversal  of  NOj-N  and  K.  The  order  was 
thus  SO,,  Ca.  Mg,  X,  NOj-N,  Al,  and  H (Figure  4.3e). 
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W1th1n  75  an.  MltMn  control,  tompariso'i  among 
element? 

Calcium  alone  was  We  dominating  element  in  the  soil  solution  at 
0.2  (le/L.  Sulfate  was  second  in  dominance  exhibiting  a very  slowly 
rising  curve,  unlike  Ca  which  slowly  decreased  after  a slow  rise. 
Hagnesluai  followed  with  a flat  curve,  the  sequence  being  the  sen  as 
for  3.7  treatment.  The  order  of  decreasing  Ion  dominance  was  Ca,  SO,, 
Hg,  K,  N,  Al,  H ifigure  4.3f).  Table  4.13  is  a sunmary  (in  kg/ha)  for 
the  means  for  all  parameters  for  the  1982  field  study  at  two  depths  for 
three  treatments,  kg/ha  = mg/L  x 10.093. 

19BI  vs  19S2  (Figures  4.1  and  4.2) 

Calcium— 15  cm  depth 

3.7  oH  treatment,  The  curves  were  similar  with  both  rising  early 
in  the  irrigations  and  decreasing  slowly,  with  1981  curve  being  flatter. 
Keans  for  1981  were  slightly  higher  than  1982,  being  4.83  and  4. 58, 
respectively. 

Control . Again  both  controls  were  of  similar  magnitude,  the  curve 
for  1981  was  again  more  flat  than  for  1982.  Keans  were  3,72  and  3.49 
for  1981  and  1982,  respectively. 

Calcium— 75  cm  depth 

3.7  pH  treatment.  Both  curves  were  slightly  higher  during  the 
early  Irrigations,  but  essentially  flat.  Keans  were  3.39  and  4.77  for 
1981  and  1982.  respectively. 
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Control ■ Larje  difference  In  the  two  years  were  shown-  The  1982 
concentrations  were  high  compared  with  1981.  being  3.61  and  2.48, 
respectively. 

Wagnesiuni— 15  or  depth 

3.7  pH  treatment.  The  1981  Hg  concentrations  were  higher  than  for 
1962.  although  the  curve  shapes  were  similar,  both  increasing  during  the 
early  Irrigations  and  decreasing  slowly  thereafter.  Ifeans  for  1981  and 
1982  were  1.34  and  1.02  ng/L,  respectively. 

Control , Both  curves  were  sinilar  in  pattern  and  magnitude,  means 
for  1981  and  1982  were  0176  and  0.74  mg/L,  respectively. 


Haonesiun— 75  cm  depth 

3.7  pH  treatment.  Both  curves  showed  the  pattern  of  a slow  rise 
to  a high  peak  set  of  Irrigations  during  the  latter  period.  This 
Indicated  the  slow  movement  of  Hg  from  the  upper  to  the  lower  profile 
with  Increasing  rainfall,  1981  showing  this  more  dramatically  and  being 
slightly  higher  again  than  1982.  Heans  for  1931  and  1982  were  1.08  and 
0.97  mg/L,  respectively. 

Control.  Both  control  curves  were  flat  with  a slight  Increasing 
trend  and  of  similar  magnitude.  Heans  for  1981  and  1982  were  0.65  and 
U.76  mg/L.  respectively. 
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Potassiuiit— 15  cm  death 

3.7  jH  treatment.  The  1981  curve  was  flat  with  severe  undulations. 
The  1982  curve  showed  a decreasing  trend  with  rainfall,  but  also  was 
very  undulating,  and  of  lower  magnitude  than  1981.  Keans  for  1981  and 
1982  were  3.24  and  1.52  mg/L,  respectively. 

Control . The  same  patterns  followed  for  the  control  for  both  years, 
the  means  for  1981  and  1982  being  2.74  and  1.66  mg/L,  respectively. 

Potassium— 75  cm  depth 

3.7  pH  treatsient.  The  patterns  for  the  curves  both  appeared  to  be 
concave  over  the  rain  period,  with  the  magnitude  of  1982  again  being 
below  that  for  1981.  Means  for  1981  and  1982  were  1.92  and  1.49 
mg/L,  respectively. 

Control . The  curves  were  similar  with  both  undulating.  Means  for 

1981  and  1982  were  1.39  and  1.76  mg/L.  respectively. 

Sulfate— 15  cm  depth 

3.7  pM  treatment.  Curves  were  different  perhaps  reflecting  the 
moisture  differences  for  the  two  years.  The  1981  curve  showed  a rising 
50^  to  above  the  input  concentration  of  14  mg/L  SO^  at  the  end  of  the 
irrigation  period.  The  1982  curve  approached  the  input  50^  and  re- 
mained flat  during  most  of  the  irrigation  period.  Keans  for  1981  and 

1982  were  17.7  and  11.2  mg/L,  respectively. 

Control.  Similar  patterns  prevailed  for  the  control,  but  of  lower 
magnitude.  Keans  for  1981  and  1982  were  11.1  and  7.1  mg/L,  respectively. 
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Sulfate— 75  cm  dentil 

3.7  pH  treatment.  Both  curves  renalneO  fielowthe  Input  concentra- 
tions and  never  did  naintain  this  concentration  of  14  «I9/L  SO..  Both 
curves  showed  increasing  slope  with  irrigation  rain.  The  means  for  1981 
and  1982  were  5.6  and  8.3  ng/L,  respectively,  with  some  data  missing 
for  1981. 

Control.  Both  curves  were  uniformly  low,  flat,  approaching  the 
input  concentration  of  7.1  mg/L  and  of  similar  magnitude.  The  means 
for  1981  and  1982  were  4.9  and  4.4  og/L,  respectively. 

81trate-nitroqen..l5  cm  depth 

3.7  pH  treatment.  Both  curves  decreased  with  increasing  rainfall 
and  were  of  the  sane  magnitude,  the  means  for  1981  and  1982  being  0.16 
and  0.23  mg/L,  respectively. 

Control . The  control  curves  coincided  closely  in  shape  with  the 

3.7  treatment  curves.  The  means  for  1981  and  1982  were  0.13  and  0.21 
mg/L,  respectively,  showing  again  the  slightly  greater  concentration 
in  the  1982  soil  solution  H. 

NItrate-nitrooen— 75  cm  depth 

The  patterns  of  the  curves  for  the  3.7  pH  treatment  and  ccmtrol 
were  similar,  showing  the  same  trends  as  for  the  15  on  depth.  Again, 
1982  was  higher  in  concentration  for  both  treabnents.  The  1981  and 
1982  means  for  3.7  pH  treatments  were  0.28  and  0.39  mg/L,  respectively. 
The  means  for  the  control  were  0.28  and  0-35  rag/L,  respectively. 
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Tab1«  4,1  shows  the  concencratisns  of  ions  in  soil  solution  for 

nent  with  the  control  treatment.  The  statistics  for  this  comparison 
for  the  three  depths  showed  that  Ca,  Kg,  and  EC  were  highly  significant 
(0.01  level)  over  the  control  for  all  depths.  Potassium.  SO^,  and  PO^-P 
were  also  highly  significant  at  the  15  cm  depth  with  K and  Zn  being 
significant  (0.05  level)  at  the  45  and  75  cm  depths.  Sulfate  being 
highly  significant  would  be  expected  since  SO^  was  added  in  elevated 
amounts  in  the  acid  rain,  yet  was  not  significant  at  the  75  cm  depth, 
indicating  sulfate  adsorption,  hitrate-K  was  not  significant  at  the 
15  cm  or  45  cm  depth,  indicating  loss  at  the  treatment  of  3.7  pH.  yet 
was  highly  significant  at  the  75  cm  depth,  a reversal  of  the  sulfate. 

The  1982  data  showed  Che  same  trend  and  indicated  an  accumulation  of 
NOj-N  at  depth  as  well  as  uptake  and  probable  conversion  at  the  upper 
surface  depths.  Phosphorus  showed  that  it  was  mobile  as  a result  of 
the  acid  treatment  and  was  probably  associated  with  the  organic  natter. 
Phosphorus  was  highly  significant  at  the  15  cm  depth  and  significant 
at  the  45  cm  depth,  with  nonsignificance  indicated  at  the  75  cm  depth. 


Column  Experiments:  1982 

HIthIn  Element.  Mithin  15  cm  Depth.  Comparison  Pmoma 
3.0,  3.7,  and  Control  Treatments  (figures  4.4.  j.la-c) 

Calcium 

The  3.0  curve  for  Ca  rose  sharply  to  a peak  at  15  cm  rain  at  12.5 
ng/l  Ca.  Then  there  was  sharp  decline  to  the  100  cm  rain  at  2 mg/L  Ca. 
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Figure  4.4.  Effects  of  three  treatments  of  100  cm  aopHed  add 
the  movement  of  ions  in  15  and  75  cm  soil  coluwis- 
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Figure  4. 


Continued. 
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The  3.7  curve  showed  a steady  incline  to  peak  at  45  c«i  at  3 ng/L  and 
thence  a slow  decline  to  100  on  at  2 mg/L  Ca.  The  control  curve  was 
essentially  flat  and  low  at  0.4  ng/L.  Means  were  4.32,  1.74,  and  0.71 
ng/L,  respectively. 


The  3.0  curve  rose  sharply  to  peak  at  S cm  at  6 mg/L  and  sharply 
declined  to  25  en  at  2 ng/L  thence  a slow  decline  to  1 ng/L  Mg.  The  3.7 
curve  rose  steadily  to  peak  at  IS  cn  rain  at  1.7  ng/L  and  declined  very 
slowly  to  100  cn  at  1.2  ng/L  Mg.  The  control  curve  slowly  rose  to  0.7 
ng/L  and  renained  a flat  curve  to  100  cn  rain.  Means  were  1.45,  1.17, 
and  0.70  mg/L,  respectively. 

Potassium 

Potassium  exhibited  two  distinct  peaks  in  Its  curve  for  all  three 
treatments  and  all  occurred  concurrently  at  20  and  60  cm  rain.  All 
treatment  peaks  were  of  similar  magnitude  in  addition,  with  the  second 
peak  being  of  greater  nagnitude  than  the  first.  Iteans  were  0.79,  0.78, 
and  0.77  ng/L,  respectively. 

Sodium 

Sodium  was  the  major  cation  in  the  irrigation  lake  water  and  there- 
fore was  a consunt  input.  Thus  its  movement  as  affected  by  acid  rain 
treatments  in  the  soil  could  not  be  discerned  readily  regarding  magnitude. 


The  three  treatments  did  differentiate  in  the  tine  sequence  of  sodium 
replacement  from  the  soil.  The  pH  3.0,  3.7,  and  control  treatments 
shooed  the  peak  to  occur  at  3 cm,  7 cm,  and  13  cm,  respectively, 
indicating  a rapid  release  of  the  soil  sodium.  Means  were  3.27,  3.26, 
and  3.02  mg/L,  respectively. 

Sulfate 

The  sulfate  was  the  major  anion  and  thus  major  input  onto  the  soil. 
The  3.0  curve,  having  a SO^  concentration  of  41  iig/L.,  showed  a rapid 
rise  to  36  mg/l  at  5 cm  rain,  a levelling  off  until  about  20  cm  rain, 
then  approaching  Che  input  concentration  and  remaining  steady  at  this 
level.  The  3.7  curve  showed  a similar  Out  less  draomtic  rise  to  the 
input  concentration  at  14  mg/L  at  15  cm  rain  and  remaining  steady  at  the 
input  concentration.  The  control  curve  was  even  less  dramatic,  approach- 
ing the  input  concentration  of  7 mg/L  SO.  at  25  cm  rain,  after  a fairly 
rapid  incline  to  13  cm  rain.  Means  were  39.0,  11.8,  and  5.5  mg/L, 
respectively. 


The  3.0  curve  for  H consisted  of  two  plateaus,  the  first  plateau 
at  about  25  ueq/L  (pH  4.6)  and  extending  to  10  cm  rainfall.  The  second 
extensive  plateau  extended  from  a rising  curve  from  20  to  70  veq/L 
(pH  4.15)  over  the  10  to  50  cm  rain  period.  Then  the  H levelled  off  at 
72  ueq/t.  This  dua1-p1ateau  curve  can  be  explained  in  exchange  mechanism 
terms  vis-a-vis  the  other  cations.  The  3.7  curve  was  similar  in  pattern 
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to  the  3.0  curve,  but  at  a lower  magnitude  of  H.  The  first  small 
plateau  occurred  at  10  uep/L  (pH  5.0)  and  the  second  at  30  uep/L  (pH 
4.52).  The  control  curve  showed  three  plateaus,  the  latter  extending 
from  40  cm  to  100  Oh  rain  in  the  15  ueq/L  (4.8)  pH  range.  This,  by  no 
coincidence,  was  the  pH  of  the  natural  soil  solution  indicating  that  the 
control  coluni  stabilized  regarding  H after  40  cm  rain  at  the  natural 
pH,  the  0 to  40  Oh  rain  showing  K adsorption  (which  coincided  with 
cation  desorption).  Means  were  4.10,  4.54,  and  4.89  pH,  respectively. 

Aluminum 

The  A1  curves  for  all  three  treatments  were  uniformly  low  to  15  cm 
rain,  then  the  3.0  curve  rose  steadily  and  uniformly  to  10.8  ng/L  A1  at 
SO  cm  rain.  This  was  an  increase  of  more  than  lOO-fold  for  this  impor- 

very  low  in  A1  at  trace  concentrations.  Means  were  5.73,  1.33,  and 
0.30  mg/L,  respectively. 


The  HOj-N  curve  for  3.0  treatment  showed  the  highly  mobile  nitrate 
ion  to  rapidly  move  through  the  soil,  the  curve  rising  sharply  and 
Imoediately  after  irrigation  connenced.  There  was  a slight  delay  before 
the  leachate  concentration  rose  to  equal  the  input  concentration.  This 
indicated  some  adsorption  or  uptake  of  nitrate  ion.  The  3.7  curve  was 

input  concentration  earTy  In  the  irrigation  series.  The  control  was 
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uniforvnly  law  and  at  trace  amounts,  as  was  the  nftrate-K  in  the  input 
rain.  Means  for  3.0,  3.7,  and  control  were  1.85,  0.20,  and  O.OS  ng/L. 
respectively. 

Chloride 

. The  chloride  curves  were  all  uniformly  at  the  input  concentration 
and  uniform  In  shape,  chloride  being  a mobile  Ion  and  present  in  rela- 
tively high  concentrations  in  the  irrigation  rain.  Means  were  8.3, 

9.1,  and  6,9  ng/L,  respectively. 

Electrical  conductivity 

The  EC  curve  for  3.0  rose  sharply  and  inniediately  after  the  irriga- 
tions connenced  (post  the  1st  pore  volume].  The  rise  coincided  with  the 
Ca,  Mg,  SOj  as  the  major  ions  in  the  soil  system.  The  slight  peak 
depression  at  about  20  cm  reflected  the  coranencenent  of  the  rapidly 
decreasing  post-peak  trend  for  the  cation  concentrations.  Had  it  not 
been  for  the  increasing  rise  of  the  SOj,  the  trend  would  have  continued. 
However,  the  30^  concentration  moved  the  curve  even  higher  to  remain 
there  as  the  H,  then  the  A1  increased.  The  exchange  mechanism,  though 
dynamic  with  respect  to  individual  Ions,  nonetheless  had  reached  a 
plateau  when  considering  the  dynamics  of  the  total  Ions,  at  about 
ISO  dS/cm.  This  was  about  34S  of  the  input  of  446  dS/cm,  Obviously, 
at  100  cm  rain,  the  soil  was  still  adsorbing  66*  of  the  ionic  activity 
of  the  input  ions. 
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The  curve  for  the  3.7  treatment  was  similar,  but  lovfer  in  ragnitude 
than  the  3.0  curve,  peaking  at  75  d5/cm.  The  control  followed  a similar 
pattern  peaking  at  42  dS/cm.  lieans  were  142,  68,  and  41  dS/cm, 
respectively. 

Within  Elenent.  Within  75  cm.  Coraarison  Amono 
3:0.  3.'7.  and  Control  iMounes  14.  4.^-i‘r 

Calcium 

The  3.0  curve  showed  a slow  rise  from  4 mg/L  to  5.5  ng/L  at  IS  cm, 
then  a sharp  increase  to  12.5  ng/L  Ca  at  35  cm  rain,  then  a sharp  steady 
decline  to  3.5  mg/L  Ca  at  100  cm  rain.  The  3.7  curve  was  much  lower 
and  rather  flat  until  35  cm,  then  a slow  increase  to  4 mg/L  at  100  cm 
rain.  The  control  curve  was  essentially  flat  throughout  the  100  cm  rain 
at  2 mg/L  Ca.  Means  were  6.86,  2.72,  and  1.71  ng/L,  respectively. 


Magnesium  increased  sharply  to  3 mg/L  at  20  cm,  then  decreased 
sharply  to  1.75  mg/L  at  35  cm,  flattening  out  to  100  cm  at  1.3  ng/L  Kg. 
The  3.7  curve  was  flat  until  30  cm,  then  a sharp  incline  occurred  to 
1.5  mg/L  and  remained  steady  to  100  cm.  The  control  curve  was  flat  for 
the  100  cm  at  0.5  mg/L  Mg.  Means  were  1.35,  0.91,  and  0.42  mg/L. 
respectively. 


Potassium 

The  3.0  curve  showed  a slow  rise  to  65  cm  at  0.7  ng/L  K and  a 
flattening  of  the  curve  to  100  cm  at  0.6  mg/L  K.  The  3.7  curve  showed 
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i slJifUr  pattern,  lowr  in  Mjnituile.  but  rising  at  100  cm  to  0.7  mg/L. 
TJie  control  curve  was  unfluiating  but  essentially  flat  at  0.2  mg/L.  Means 
were  0.60.  0.55,  and  0.42  mg/L.  respectively. 

Sodliifi 

The  sodium  for  the  three  treatments  followed  a similar  pattern  as 
for  the  15  cm,  with  the  peaks  rising  in  order  of  3.0,  3.7,  and  control, 
respectively,  all  to  become  level  at  3.S  ng/L  ha.  Kans  were  3.32, 

3.06,  and  2.80  mg/L,  respectively. 


The  3.0  curve  exhibited  two  sharp  inclines  along  its  path.  One 
occurred  at  30  cm.  peaking  at  25  mg/L  SO,.  The  second  Incline  comenced 
at  65  cm  and  Increased  to  the  input  concentration  of  41  mg/L  SO,  at 
100  cm.  These  two  troughs  In  the  curve  Indicated  adsorptlonidesorptlon 
phenomena  which  corresponded  to  the  movement  of  the  cations.  The  3.7 
curve  remained  flat  until  30  cm,  then  rose  sharply  to  13  mg/L  SO  at 
45  cm  rain  and  remained  flat  to  lOO  cm,  never  reaching  the  input  concen- 
tration of  14  mgA  SO,.  The  control  curve  also  remained  flat  until  30  cm 
and  rose  to  the  Input  concentration  of  7 mg/L  and  remained  steady  until 
100  cm  rain.  These  curves  also  exhibited  sulfate  adsorption  reactions. 
The  means  were  22.2,  8.3,  and  4,8  mg/L,  respectively. 


■Rie  3.0  curve  exhibited  a slowly  decreasing  incline  to  50 
a Steeper  incline  from  20  ueg/L  (pH  4.7)  to  70  ueq/L  (pH  4.1)  a 
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rs1n.  The  3.7  curve  reiMined  essentiilly  flat  at  10  ueq/L  [pH  S.O)  with 
a slight  depression  to  S ueq/L  (pH  5.3)  in  the  20  to  25  cm  rain  period. 
This  was  the  period  vdien  Ca  and  Mg  were  being  displaced  as  H was  being 
preferentially  adsorbed,  thus  exhibiting  a decrease  in  H exiting  from 
the  colum,  and  therefore  a rise  in  pH  for  this  duration.  The  control 
curve  showed  a slow  but  low  rise  to  peak  at  the  100  cm  rain  at  7 ueq/L 
(5.2).  Naans  for  3.0.  3.7,  and  control  treatments  were  28  oeq/L  (pH 
4. 55).  8.1  ueq/L  (pH  5.09),  and  5.4  ueq/L  (pH  5.27),  respectively. 

Aluminum 

The  3.0  curve  for  A1  was  very  low  and  flat  until  50  cm  rain,  then 
exhibited  a very  steep  incline  to  65  cm  at  1.2  mg/L  A1  and  slowly  in- 
creased to  100  cm  rain.  The  3.7  and  control  curves  were  low  and  flat 
throughout  the  irrigation  period.  Keans  were  2.60,  0.25,  and  0.17  mg/L, 
respect! vely. 


The  nitrate-H  curve  for  the  3.0  treatment  showed  a sharp  rise  to 
the  input  concentration  of  2.33  mg/L,  exhibited  a steep  trough  at  20  cm, 
and  thenrose  again  more  slowly  to  the  input  concentration  at  lOO  cm  rain. 
The  depression  occurred  when  other  ion  activities  were  rapidly  changing 
and  coincided  with  the  B depression.  The  3.7  and  control  curves 
exhibited  concentrations  at  the  input  level  of  0.54  and  0.04  mg/L, 
respectively.  Means  were  2.09,  0.47,  and  0.04  ng/L,  respectively. 
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Chl pride 

The  chloride  curves  for  3.7  and  3.0  “ere  at  the  Input  concentration 
after  a very  sharp  rise.  The  control  curves  exhibited  a slow  rise  after 
initial  adjustment.  Means  were  12.2.  10,0,  and  8.0  119/1,  respectively. 

Electrical  conductivity 

The  EC  curve  for  3.0  was  a slowly  undulating  curve  which  appeared 
very  nuch  like  the  sulfate  curve.  The  3.7  and  control  curves  were  also 
similar  in  appearance  and  slope  sequence.  Since  sulfate  was  the  major 
ion  in  the  system  this  was  not  unexpected.  However  there  were  nodlfica- 
tions  affected  by  the  activities  of  the  displaced  ions.  Means  were 
111,  46,  and  35  dS/cm,  respectively. 

mthln  Element,  Within  3.0,  Comcarlson  Between  15  and  75  01 
DepthslFloures  4.4  and  4.5a-d^ 

Calcium 

Calcium  peaked  at  15  cm  rain  in  the  16  cm  depth  and  at  36  cm  rain 
in  the  75  cm  depth,  showing  a delayed  front  in  the  deeper  profile.  Both 
peaks  were  at  12.5  ing/l  indicating  a constant  moving  front  at  12.5  mg/L 
down  the  profile,  or  an  adsorptionrdesportion  of  equal  proportions  as 
the  Ca  moved  down  the  profile.  Both  curves  declined  smoothly  and  rapidly 
from  their  respective  peaks  to  IDO  cm  rain.  Peaks  were  1.5  mg/1  for  the 
15  cm  depth  and  3 mg/L  for  the  75  cm  depth.  There  was  a nwch  greater 
total  Ca  movement  from  the  75  cm  depth  than  from  the  15  cm  depth.  Means 
were  4.32  and  6.86  mg/L,  respectively. 
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15  cm  depth  Hg  peak  was  at  S cm  rain  and  for  the  75  cm  depth  was  at 
20  cm  rain.  The  peak  far  the  15  cm  depth  was  9.5  ng/L,  with  the  peak 
for  the  75  cm  depth  at  2.8  mgA.  This  Indicated  a slower  but  more  uni- 
form desorption  with  depth  and  some  adsorption  In  the  15  to  75  cm  depth. 
Means  were  1.45  and  1.35  a^/L,  respectively. 


Potassium  1n  the  15  cm  depth  curve  showed  the  twin  peaks  at  10  cm 
and  50  cm  rain.  In  the  75  cm  depth,  the  K was  of  lower  magnitude 
throughout,  the  high  corresponding  peak  delayed  by  10  cm  rain  and  less 
defined,  but  evident,  At  100  cm  rain,  the  15  cm  depth  was  at  0.5  ng/L 
and  the  75  cm  depth  was  at  0.5  mg/L.  This  indicated  a low  steady  ex- 
change of  K and  movement  below  the  75  cm  depth,  the  sharpness  In  the 
15  cm  depth  peaks  being  moderated  as  K moved  down  the  profile.  Means 
were  0.79  and  0.60  mg/L.  respectively. 

Sulfate 

Both  curves  were  very  dissimilar  for  the  3.0  treatment  for  the  two 
depths.  The  15  cm  depth  showed  some  adsorption,  but  the  75  cm  depth 
showed  a pulsing  of  the  sulfate  movement  with  depth  and  a much  none 
pronounced  sulfate  adsorption,  although  both  curves  were  at  the  input 
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sulfate  concentration  of  41  mg/L  by  the  IM  cm  rain  period.  Means  -ere 
39.D  and  22.2  rng/L.  respectively. 


Hvdroaen 

The  3.0  curves  for  the  15  and  75  cn  depths  were  similar  in  magni- 
tude, but  the  75  cm  H peak  -as  delayed  vU-l-vis  the  15  cm  H peak.  This 
indicated  that  the  chemistry  of  H and  its  reaction  dynamics  -ere  essen- 
tially the  same  regardless  of  depth  and  depth  had  only  a time  delay 
effect  causing  additional  H adsorption  in  the  15  to  76  cm  depth.  Any 
curves  between  these  depths  would  thus  probably  be  intermediate  between 
these  two  curves.  Means  were  4.10  and  4.35  pH.  respectively. 


Aluminum 

The  3.0  curves  fpr  15  and  75  cm  depth  again  were  similar  in  shape, 

the  15  cm  than  the  75  cm  depth  indicating  A1  adsorption  after  initial 
solubilization  at  the  surface  layer.  The  delay  in  the  sharply  rising 
A1  curve  of  the  75  cm  depth  was  35  cm  rain  after  the  initial  rise  In  the 
IS  cm  depth.  Means  were  5.73  and  2.60  mg/L,  respectively. 


Nitrate-H 
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Electrical  conductivity. 

The  3.D  curves  showen  the  total  activity  of  the  ions  in  the  soil 
system  as  the  irrigations  proceeded  from  0 to  100  oti  acid  rain.  The 
difference  in  these  two  depth  curves  would  indicate  the  adsorption/pre- 
cipitation vis-J-vis  exchange  that  occurred.  A simple  exchange  reaction 
would  not  be  manifested  in  an  overall  EC  change.  Since  the  7S  cm  curve 
was  lower,  there  was  an  overall  increase  in  adsorption  of  ions  with 
depth.  This  decrease  in  ion  activity  was  31  dS/cit  since  the  means  for 
the  two  depths  were  142  and  112  dS/cm,  respectively.  This  was  slightly 
less  than  the  ion  activity  of  the  input  acid  rein  of  42  dS/cn  which 
showed  the  adsorption  capacity  of  the  Candler  sandy  soil. 

Mithin  Element,  Within  3.7.  Comparison  Between  15  and  75  cm 

Calcium 

Both  curves  were  in  close  proximity,  with  the  75  cm  depth  Ca 

15  cm  depth.  At  100  cm,  the  IS  cm  depth  was  at  3 mg/L  Ca  and  the  75  cm 
depth  was  at  4 jqA  Ca.  Thus  more  Ca  was  moving  from  the  75  cm  depth 
than  from  the  15  cm  depth  indicating  greater  movement  of  calcium  with 
depth  at  this  treatment  of  3.7  pH.  I4eans  were  1.74  and  2.72  mg/L. 


Magnesium  curves  for 


depths  were 


magnitude 


the  15 


jickly  at  10 
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to  1.8  mg/!,  and  slowly  declined  to  IDO  on  at  1.0  mg/l..  The  75  c*  depth 
curve  Increased  to  the  same  concentration,  but  at  45  cm  rain,  and  de- 
creased to  1.0  nig/L  at  100  cm.  This  indicated  that  at  low  H*  concen- 
trations (e.g.,  at  3.7  pH),  magnesium  moved  1n  a front  down  the  profile, 
the  peak  being  about  l.S  mg/L.  At  higher  H concentrations  (e.g,,  at 
3.0  pH)  there  was  adsorption  with  depth.  ITiis  Hg  curve  pattern  at  75  cm 
depth  was  similar  to  the  Ca  curve  pattern  at  IS  cm  depth,  Keans  were 
1.17  and  O.Sl  mg/l.  respectively. 

Potassium 

The  3.7  curve  for  the  15  cm  depth  again  showed  the  twin  peaks  at 
10  and  50  cm  rain.  As  with  the  3.0  treatment,  these  peaks  were  modified 
and  flattened  by  the  time  the  solution  moved  to  the  75  cm  depth.  None- 
theless, the  upward  climb  at  the  second  peak  at  SO  an  rain  could  be 
readily  discerned  in  the  75  cm  depth  whereas  there  was  a flattening  of 
the  curve  to  100  cm  rain.  At  100  cm  the  IS  cm  depth  was  at  0.9  mg/L  and 
the  75  cm  depth  was  at  0.7  mg/L  K.  Keans  were  0.78  and  0.55  mg/L, 
respectively. 

Sulfate 

The  3.7  curves  were  similar  in  shape  but  with  the  75  cm  depth,  the 
SOj  curve  was  delayed  somewhat  and  was  of  lower  magnitude,  never  reaching 
the  input  concentration  of  14  mg/L.  Keans  were  11.8  and  8.3  mg/i. 
respectively, 


Tti«  3.7  curves  were  not  similar  in  magnitude  but  bore  resemblances 
In  shape-  Greater  adsorption  of  K was  obviously  occurring  with  depth, 
both  curves  having  stabillted  by  100  cm  rain  at  30  and  10  dS/cn, 
respectively.  Heans  were  4.S4  and  4.94  pH,  respectively. 

Aluminum 

The  3.7  curve  for  IS  cm  depth  exhibited  a slight  rising  trend  to 
100  cm  rain  Indicating  some  A1  release  by  this  treatment.  The  7S  cm 
curve  snowed  very  little  A1  elevation  over  the  control.  Heans  were  1.33 
and  0.25  a^L.  respectively. 

Hitrate-N 

The  15  and  75  cm  depth  curves  were  similar  in  shape  and  tine  se- 
quence. However,  the  75  cm  curve  showed  a higher  NO^-N  accumulation 
with  depth.  Heans  were  0.20  and  0.47  mg/L,  respectively. 

Electrical  conductivity 

The  15  cm  depth  curve  was  higher  in  total  ion  activity  than  the 
75  cm  depth  curve,  again  showing  a concentration  decrease  due  to  adsorp- 
tion/precipitation of  ions  with  depth,  there  was  a delayed  EC  rise  at 
75  cm,  but  both  turves  levelled  at  65  and  52  dS/cn,  respectively.  The 
difference  in  activity  was  20  dS/cm.  Heans  were  66  and  46  dS/cm, 


•spectively. 


-138- 


mtrtin  Eltiwt.  mthin  Control.  Coaparlton  Be 


Calcium 

Both  cur.es  were  low  and  level,  the  75  cm  depth  rendering  e more 
constant  and  higher  concentration  of  Ca  than  the  15  cm  depth.  The  con- 
centrations were  Z and  1 mg/L.  respectively.  Means  were  0.71  and  1.81 
mg/L,  respectively. 


The  75  cm  depth  remained  below  the  15  cm  depth  in  the  concentration 
of  Mg  In  the  soil  solution.  At  higher  pH's,  Mg  did  not  move  increasingly 
with  depth.  Apparently  under  less  acid  conditions  (i.e.,  pH  4.6),  the 
Mg  released  from  the  upper  profile  was  adsorbed  to  a great  extent,  with 
decreased  concentration  moving  below  the  75  cm  depth.  Means  were  0.70 
and  0.41  mg/L,  respectively. 


0.42  mg/L.  respectively. 


Both  curvet  were  sleillar  and  rose  to  the  fnput  concentration  by 
50  cm  rain,  although  the  15  cm  curve  showed  more  SOj  adsorption  had 
occurred.  The  means  were  5.6  and  a. 8 mg/L,  respectively. 


The  15  cm  depth  curve  showed  a greater  H concentration  than  the 
75  cm  depth  curve  which  indicated  H adsorption  in  the  15  to  75  cm  soil 
depth.  Stabilization  of  the  curves  had  occurred  by  40  on  into  the 
Irrigation  series.  Means  were  4.89  and  5.10  pH,  respectively. 

Aluminum 

There  was  a slight  elevation  In  the  15  cm  depth  A1  curve  compared 
to  the  75  cm  curve,  but  both  were  of  low  nagnitude. 

Hi trate-H 

The  15  cm  depth  curve  showed  a slight  elevation  in  this  Ion  over 
the  75  cm  curve.  This  indicated  a natural  movement  of  NOj-N  in  the  pro 
file.  Means  were  0.05  and  0.04  mg/L,  respectively. 

Electrical  conductivity 

The  15  cm  depth  curve  showed  a continual  and  constant  elevation 
compared  with  the  75  cm  depth.  There 


was  a continual  adsorption 


-140- 


actlvlty  with  depth  showing  the  capacity  of  this  soil  to  adsorh  ions. 
Means  were  41  and  35  dS/cm,  respectively. 

Within  15  cm.  Within  3.0,  Comparison  Anona 
Elements  {Figure  4. Sal 

Calcium  was  the  oiajor  divalent  cation  in  the  system,  reaching  0.63 
me/L  at  15  cm  rain  and  decreasing  sharply  and  steadily  to  0.01  ne/L  at 
100  cm.  Kagnesiun  was  the  other  major  divalent  cation  in  the  soil  solu- 
tion system.  It  rose  to  its  peak  before  Ca,  being  at  0.46  me/L  at  5 cm 
rain  and  decreased  similarly  as  Ca,  but  remaining  at  0.05  me/L  at  100  cm 
rain.  The  total  quantity  of  Ca  recoved  in  the  100  cm  rain  was  greater 
than  Mg.  Hydrogen  rose  to  20  ueq/L  (pH  4.7)  and  remained  at  this  level 
during  the  removal  of  Ca  and  Mg.  At  15  cm  rain,  as  Ca  and  Mg  were 
beginning  to  fall  precipitously,  H again  increased  sharply,  being 
40  ueq/L  (pH  4.4)  at  20  cm  rain.  It  then  slowly  increased  to  level  out 
at  45  on  rain  at  71  ueq/L  (pH  4.15)  remaining  at  that  level  to  100  cm 
rain.  During  this  sharp  increase  in  H,  A1  began  to  increase  even  more 
rapidly  so  that  at  25  cm  rain  A1  was  already  at  0.8  ne/L  (7.2  mg/L)  and 
at  50  cm  had  climbed  to  1.2  re/L  (11.8  mg/L).  Aluminum  thus  became  the 
dominating  cation  early  in  the  irrigation  period.  Potassium  remained 
unifoimly  low,  but  was  steadily  leached  from  the  soil  decreasing  to  a 
very  low  concentration  at  100  cm. 

Sulfate,  the  major  anion  In  the  soil  solution,  rose  quickly  at 
5 cm  and  was  already  approaching  the  input  concentration  of  41  mg/L. 
However,  SO^  decreased  slightly  at  15  cm,  the  point  where  Ca  was  at  its 
maximum.  Then,  as  the  cations  decreased,  SO,  again  increased  and 


Figure  4.5.  Effects  of  lot)  cm  applied  add  rain  on  the  mvenent  nf 
tons-  ui 


(b)  3.7  pK,  15  cm  sc11  column 
Figure  4.S.  Continued. 
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(c)  4.6  pH,  15  cm  soil  column 
Figure  4-5.  Continued. 
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(4J  3.0  pH,  75  cm  soil  coluinn 
Fljure  4.5.  ContinooO. 
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(e)  3.7  pH,  75  cn  soil  colui 


(f)  4.6  pH,  75  cm  soil  colum 
figure  4.5.  Continuetl. 
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aoproachecl  the  input  concentration  for  the  duration  of  the  irrigation 
period.  Thus  there  was  some  initial  adsorption  of  sulfate  during  the 
period  when  Ca  and  Mg  were  being  replaced  by  H and  moving  out  of  the 
system  into  soil  solution.  Magnesium,  being  more  readily  removed,  exited 
from  the  system  first,  followed  by  calcium.  Since  the  percent  base 
saturation  in  these  sands  is  very  low  (5X),  these  elements  were  rather 
quickly  removed,  the  sites  substituted,  and  hydrogen  was  free  to  move 
through  the  system.  As  H increased  (the  pH  decreased),  A1  species  AlOH^* 
was  dehydroliied  to  become  Al^  increasingly  as  a pH  of  4.3  was  ap- 
proached. The  sulfate  adsorption  could  have  been  also  a bridge  for  the 
Ca  which  retained  this  cation  preferentially  to  Mg,  thereby  accenting 
the  retardation  of  Ca  versus  Mg.  As  the  anion  sites  on  the  clay  and 
organic  matter  were  quickly  occupied  by  SO^.  SO^  in  solution  then  began 
to  approach  the  input  concentration  of  0.87  me/L  SO^,  remaining  at  this 
level  for  the  duration  of  the  100  cm  rain  application.  Kitrate-H  In- 
creased rapidly  to  its  input  concentration  of  0.14  me/L. 

By  the  50  cm  rain,  the  soil  solution  exchange  mechanism  appeared 
to  have  equilibrated,  ion  removal  becoming  static  for  most  ions,  and  Ca 
was  steadily  decreasing  and  moving  from  the  system.  Hydrogen  was  static 
and  was  not  approaching  its  input  concentration  of  1 ne/L  (pH  3.0). 
Obviously,  even  at  only  15  cm  rain,  there  was  a great  capacity  of  the 
Candler  sand  to  continually  adsorb  the  input  hydrogen,  releasing  Al. 
but  not  adsorbing  the  anions  50^  or  HOj-N.  This  pattern  continued  until, 
even  at  100  cm,  there  was  little  change,  except  that  Ca  and  K had 
essentially  disappeared  from  the  system.  At  100  cm,  the  order  of  de- 
creasing ion  dominance  was  Al,  SOj,  NOj-N,  H,  Hg.  Ca,  t. 
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Withln  15  cn.  Within  3.7.  Comparison  Among 
Elements  IFioure  4.Sbl 

At  tills  Higher  pH,  the  celdum  ana  magnesium  curves  approached  each 
other  In  magnitude,  both  Increasing  to  0.13  me/L.  However,  again.  Mg 
peaked  and  moved  out  into  the  soil  solution  at  5 cm  rain.  Calcium  In- 
creased more  slowly  and  peaked  at  45  cm  and  then  slowly  decreased  to 
0.1  me/L.  Approximately  the  same  quantity  of  Ca  and  Mg  were  removed  by 
this  treatment,  the  proportion  of  Ca  thus  being  much  less  than  the  3.0 
treatment.  During  this  removal  of  Ca  and  Hg,  hydrogen  was  slowly  in- 
creasing. As  Mg  peaked  and  moved  out,  H Increased  precipitously  to 
20  cm  rain  and  levelled  off  at  28  ueq/L  (pH  4.6).  This  first  level 
occurred  as  Ca  was  now  being  replaced  and  removed  increasingly  from  the 
exchange  sites.  As  more  Ca  was  being  removed,  the  H remained  at  this 
level  of  pH  4.5.  Since  there  was  a reserve  of  Ca,  hydrogen  loss  frtm 
the  column  remained  stable  as  the  Ca  was  being  removed  until  at  100  cm, 
Ca  removal  had  levelled  off  to  0.1  me/L  and  was  higher  than  the  Hg 
removal  which  was  now  decreasing.  During  this  time  when  the  soil  was 
establishing  egullibrium,  the  A1  had  likewise  increased  as  H rose  above 
0.02  me/L.  However,  unlike  the  pH  3.0  treatment  when  H quickly  rose  to 
71  ueq/L,  at  pH  3.7  the  H remained  at  0.03  me/L  (30  ueq/L).  Thus  the  pH 
had  stabillted  at  a higher  level  and  41  was  not  In  the  form  of  the 
trivalent  speties  at  this  borderline  pH  of  4.55  for  Al^*.  In  fact, 
the  AI  concentration  decreased  temporarily  at  45  cm  as  Ca  peaked  in  its 
removal  pattern  and  the  pH  increased  slightly  as  a result  of  the  in- 
creased H adsorption.  However,  as  Ca  commenced  to  decrease  in  concen- 
tration, H again  rose,  and  the  Al  sharply  increased  to  0.3  me/L  (3  mg/L). 
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The  twin  peaks  of  X could  be  seen  to  occur  at  Me  point  of  Me  A1  and  H 
Increase,  Me  second  peak  occurring  at  Me  second  increase  in  A1.  Sul- 
fate increased  in  a ver/  similar  pattern  to  the  pH  3.0  treatment,  again 
showing  some  Initial  adsorption  at  the  period  where  the  cations  were 
being  desorbed.  At  25  cm  rain,  sulfate  had  approached  the  input  con- 
centration of  0.»  ne/L  (14  mg/l)  and  remained  at  this  level  to  100  cm 
rain.  Thus  at  100  cm,  the  order  of  decreasing  dominance  of  Me  ions  is 
SO,,  Al,  Ca,  Mg,  H,  KOj-N,  K. 

WiMin  15  cm,  MiMin  Control.  Comparison  Among 
Elements  (Fioure  4.5cl 

In  Me  control,  Ca  was  not  the  dominant  divalent  cation.  Magnesium 
had  become  the  dominant  divalent  cation  througnout  the  irrigation  period. 
(This  trend  was  seen  as  we  progressed  from  the  more  acid  to  Me  control. 

At  3.0  pH,  Ca  dominated  Me  compleii  at  3.7  pK,  Ca  and  Kg  were  In 
equivalent  amounts;  at  4.7  pH.  Mg  dominated  Me  soil  solution.)  Both 
curves  were  relatively  level  being  0.06  and  0.03  me/L  for  Mg  and  Ca, 
respectively.  Hydrogen  slowly  increased  to  remain  at  19  ueqA  (pH  4.7). 
Aluminum  remained  uniformly  low  at  .03  me/L  with  X having  a similar 
curve  pattern  but  slightly  below  Me  Al  concentrations.  The  order  of 
decreasing  ion  dominance  is  SO,,  Mg.  Ca,  Al,  x,  H. 

liiMin  75  cm.  Within  3.Q,  Comparison  Amend 
Elements  IFtmire  4.5dl 

Calcium  greatly  dominated  the  complex  as  Me  major  divalent  cation. 
It  reached  its  peak  of  0.6  me/L  and  steadily  decreased  to  0.08  me/L  at 
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100  cm  nin.  Kagnesium  Increcsed  In  a similar  pattern,  although  peaking 
slight!:^  before  the  Ca  as  the  pattern  In  the  other  treatments.  Mag- 
nesium again  did  not  decrease  from  its  peak  as  rapidly  as  did  the  Ca. 

At  100  cm.  the  Ca  and  Mg  concentrations  were  0.12  and  0.08,  respectively. 
Hydrogen  exhibited  a Ioh  slightly  rising  long  curve  from  the  5 to  50  cm 
rain.  During  the  exit  of  high  Ca  concentration  and  ocher  replaced  Ions, 
the  K Ion  was  being  adsorbed  and  was  low  concentration  In  solution. 

As  Ca  decreased  rapidly  comenclng  at  30  cm.  and  with  Hg  also  decreasing, 
the  hydrogen  increased  sharply  and  uniformly  from  this  20  ueg/L  activity 
{pH  4.7)  to  70  ueg/L  (pH  4.14).  As  the  H Increased  beyond  25  ueq/l 
(pH  4.6),  the  A1  Increased  precipitously  from  0.02  me/L  (0.18  mg/L)  to 
0.65  rae/L  (5.9  mg/L)  within  the  rain  Irrigation  of  58  to  68  cm.  Aluminum 
then  levelled  off  and  was  0.76  ne/L  (6.8  mg/L)  at  100  on  rain.  This 
Indicated  the  great  dominance  of  A1  when  the  pH  reached  the  pH  4.5 
range,  which  was  a reflection  of  the  high  percentage  of  A1  on  the  ex- 
change complex  as  Indicated  by  the  CEO  and  I base  saturation.  Potassium 
again  exhibited  the  twin  peaks  Curve  the  second  and  highest  K peak 
arising  at  50  cm  rain  where  the  pH  and  A!  were  increasing. 

Sulfate  at  the  75  cm  depth  exhibited  a behavior  unlike  the  treat- 
ments In  the  15  cm  depth.  It  exhibited  tw  rising  peaks,  one  at  30  cm, 
the  same  placement  as  the  Ca  peak,  and  the  second  occurring  from  a slow 
rise  to  lOO  cm.  These  peaks  were  at  0.4  me/L  (19  mg/L)  SO,  and  0.7  ne/L 
(34  mg/L)  SO,.  There  could  be  some  Increased  adsorption  as  Ca  de- 
creased and  moved  out  of  the  exchange  phase,  thus  reducing  the  tendency 
for  removal  by  Ion  pair  coupling.  At  the  75  cm  depth,  the  50,  never 
approached  the  Input  concentration  of  41  ng/L  SO,  (0.85  ne/L)  and  at 


-150- 


lOQ  cm  was  U111  only  at  0.45  ne/L  {22  mg/l)  wMch  was  521  of  the  input 
concentration.  Obviously,  both  hydrogen  and  50^  will  be  adsorbed  for 
aiany  more  cm  applications  of  rain  before  breakthrough  to  the  tnFut  con- 
centrations, 

Nitrate-h  eihibited  a tendency  seen  in  the  15  cm  pK  3.7  column, 
t.e,,  denitrification.  This  anion  rose  sharply  to  0.2  ne/L  (2.8  ng/L) 
then  at  20  cn  rain  decreased  sharply  to  0.12  ne/L.  This  could  be  a 
clear  example  of  denitrification  after  initial  Increase  to  the  input 
concentration.  The  order  of  decreasing  ion  dominance  was  41,  50^, 
NO3-N,  Ca,  Kg,  H,  X. 

mthin  75  cm.  Within  3.7,  Comparison  among 
Elements  (Fioure  ^.5e) 

Calcium  dcmiinated  magnesium.  However,  as  with  the  15  cm  depth, 
this  intermediate  pH  treatment  brought  both  these  ions  closer  in  mag- 
nitude. Both  exhibited  slowly  rising  curves  at  30  cn  rain,  increasing 
to  0.19  ne/L  (3.6  ng/L)  at  100  cm  for  Ca  and  0.1  me/L  (1.2  ng/L)  for 
Mg.  The  K curve  was  uniformly  low  and  flat  at  0.01  ne/L.  Alunitnm  was 
likewise  low  and  exhibited  a flat  curve  pattern.  Hydrogen  decreased 
somewhat  as  Ca  and  Hg  rose,  then  increased  to  0.01  *e/L  at  100  cm. 
Sulfate  was  the  dominating  ion  again,  but  levelled  at  0.25  ne/L  (12 
ng/L)  not  at  the  Input  level  of  0.3  ne/L  (14  ngA).  The  sulfate  curve 
rose  slowly  comwncing  at  the  30  cm  rain.  At  100  cm.  the  order  of  de- 
creasing concentration  was  50^.  Ca.  Hg,  NO3-N,  K,  H.  A! . 
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WfUiln  75  CM-  Within  Control.  Comparison  Arong 
tignents  (Figure  4.5fl  ' 

All  the  curves  were  essentielly  flat  and  below  0.1  iie/L.  Sulfate 
dominated  the  complex,  followed  by  Ca,  Hg,  K,  Al,  and  H.  The  sulfate 
concentration  was  at  the  Input  level  of  0.15  me/L  {7  ng/L).  Table  4.15 
is  a sumBSry  (in  kg/ha)  for  the  means  for  all  parameters  for  the  198? 
column  study  at  two  depths  for  three  treatments,  kg/ha  = mg/i.  x 10.093. 

MiOiin  15  cm.  Within  H 7,0  HHjQAc  Comparison  Amono 
Ca.  Mo,  K,  and  Ka  (Moure  «~6) 

A column  was  also  extracted  with  neutral  KoniBl  ammonium  acetate 
to  indicate  the  exchangeable  cations,  their  sequence  and  magnitude  of 
replacement,  and  the  natural  level  of  exchangeable  sodium  in  the  system. 

Calcium  dominated  the  complex  by  peaking  at  2.7  me/L  (54  mg/L)  and 
decreasing  rapidly  to  0.25  me/L  (5  mg/L)  at  16  cm  into  the  irrigation 
sequence.  Magnesium  and  R all  peaked  coincidally  with  Ca,  being  1.8  me/L 
(23.0  mg/L)  for  Kg  and  0.6  me/L  (23.4  mg/L)  for  X.  These  results  showed 
that  Ca  and  Hg  removal  by  the  treatments  3.0  acid  rain  was  in  the  same 
ratio  as  these  ions  occur  on  the  exchange  sites.  However,  x was  also 
at  the  same  peak  concentration  and  total  percentage  as  Hg,  yet  was 
removed  by  the  acid  rain  in  much  lower  quantities  than  was  Mg.  This 
indicated  that  potassium  was  not  removed  proportionally,  being  less 
available  than  Mg  regarding  the  replacing  ability  of  a very  acid  rain. 
Sodium  was  readily  replaced  and  removed  from  Che  soil  end  peaked  at 
0.35  me/L  (8.1  mg/L).  Thus  the  order  of  decreasing  dominance  of  the 
cations  on  the  Candler  soil  was  Ca,  Hg,  X,  and  Ka. 
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MUhin  15  gi.  Within  3,0,  ConMrlinn  of  plow  totei  an 
of  ion  E»ctwnqt  IHauit  *.}i 


A IS 


2.S  cm  per  hour  and  10  cm  per  hour  (which  was  the  rate  used  in  the 
column  experiments).  A comparison  of  the  data  showed  that  there  was 
little  discernible  effect  on  pH.  The  EC  differences  were  relatively 
small.  The  curves  for  both  pH  and  EC  were  identical.  However,  there 


rated.  The  EC  was  slightly  higher  for  the  2.5  cm/hr  rate  coepared  with 
the  10  cm/hr  rate.  This  indicated  that  a solution  of  slightly  higher 
ionic  strength,  i.e..  higher  ionic  content,  resulted  from  the  lower  rate 
of  flow.  Thus  a slightly  higher  concentration  of  the  cations  and  anions 
could  be  expected  at  Tower  flow  rates. 


Specifically,  when  observing  the  three  major  cations  in  the  Candler 
soil,  Ca.  Kg.  and  K,  the  effect  was  not  uniform.  Apparently  flow  rates 
affect  each  ion  differently.  There  was  no  difference  in  the  Ca  curves, 
both  peaking  at  12.5  rag/L.  For  the  Kg  curves,  more  Mg  was  extracted 
with  the  higher  flow  rate.  The  peak  for  10  em/hr  was  5.6  mg/L  that  for 
the  2.5  cm/hr  rate  was  4.6  ng/L.  However,  the  shapes  of  the  curves  were 
very  similar.  In  the  case  of  K.  the  lower  rate  of  2.5  cm/hr  resulted  in 
larger  guantities  of  k being  removed  from  the  soil  sites.  Again,  the 
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Field  Irrigation  bperinents  on  Vertical  end 


variQLis  tine  intervals  frsoi  tKe  coimenceiiient  of  the  itTijation  oeriod 
for  the  5 cm  rain  at  2.5  cm/hr  irrigation  rate. 

resident  water)  prior  to  irrigation  was  2.2  percent.  This  gradually  in- 

would  be  decreasing  head  with  depth  above  the  water  table  surface  and  a 

The  hourly  profile  of  the  vertical  water  movement  showed  a decrease 
at  the  surface  with  time.  The  irrigated  water  moved  in  a distinct 
frontal  pattern.  Initially,  the  water  was  layered  horizontally.  The 
two-hour  irrigation  curve  is  the  profile  that  existed  in  the  soil  at 
the  termination  of  the  irrigation  after  a 2 hour  rainfall  at  2.5  on/hr. 

The  highest  volumetric  water  content  occurred  imediately  post- 
irrigation  and  was  14.1  percent.  This  occurred  at  a depth  of  30  cm. 

As  the  water  front  moved  down  the  profile,  the  water  content  decreased 
at  the  surface  until  at  4B  hours  it  was  4 percent  which  was  nearing  the 

At  2 hours,  the  water  front  had  moved  75  cm  for  an  infiltration  rate  of 


-156- 


Figi/re  4.fl.  Vertical 


flux  after  S cm  irrigated 
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37  cm/hr.  At  20  hours,  the  depth  ms  200  cm  for  a rate  of  10  ar/hr. 

The  decreasing  infiltration  rate  was  a result  of  decreasing  head  with 

As  the  water  front  raved  to  depth  yet  was  above  the  water  table, 
there  was  a decrease  1n  the  voluretric  water  content  of  the  irrigated 
water  in  the  soil  profile.  This  phenomenon  would  result  if  the  water 
front  was  forced  to  increasingly  occupy  a smaller  percentage  of  pore 

in  the  larger  pore  spaces,  it  was,  in  effect,  running  downhill  against 
a gradient  of  increasing  water  content  idiich  allowed  for  greater  piston 
dispi acement. 

The  amount  of  water  lost  to  the  water  table  increased  wiUi  time 
postirrigatlon  (Table  4.2).  At  20  hours,  when  the  raving  front  was 
still  above  the  water  table,  1670  L had  roved  to  the  water  table.  This 
water  movement  must  have  been  by  miscible  displacement.  Thus  44  percent 
of  the  volume  of  water  initially  irrigated  and  which  ms  resident  water 
had  roved  to  the  Mter  table  at  20  hours  postirrigatlon.  The  vertical 
TOvement  of  the  water  had  slowed  to  approximately  10  on/hr.  Even  1f  this 
rate  were  not  to  decrease  further,  the  front  would  not  reach  the  water 
teble  until  at  38  hours.  With  a further  reUrdation,  it  would  be  near 
the  48  hour  postirrigatlon  period  before  a breakthrough  would  occur. 

By  48  hours,  the  water  ms  draining  into  the  Mter  Uble,  the 
observable  front  having  moved  below  the  300  cm  depth.  At  this  time  a 
volume  of  water  equivalent  to  55  percent  of  the  irrigated  volume  still 
remained  in  the  soil  profile  above  the  water  table. 
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The  M-hour  curve  of  the  sol!  moisture  showed  that  the  Initial  sol! 
water  content  was  being  approached.  It  would  appear  that  the  actual 
water  of  a 5 cm  rain  had  little  direct  effect  on  the  water  Uble  within 
the  48  hour  period  postirrigation.  The  Indirect  effect  was  to  replace 
Initially  an  equivalent  quantity  of  water  and  move  1t  to  the  water  table 
from  the  near  water  table  tone.  Only  by  a larger  rain  event,  or  through 
subsequent  rainfalls,  would  the  majority  of  the  original  5 cm  rain  be 
an  Influence  chemically  on  the  water  table.  I.e..  movement  of  ions  from 
the  upper  soil  region.  The  data  suggested  that  only  appnwiiiotely 
50  percent  of  the  water  in  a S cm  rain  event  actually  moved  directly  to 
the  water  Uble  at  the  specific  siw  location.  Assuming  a horizonul 
water  table,  the  closer  the  pronimity  to  the  lake,  I.e.,  shallower  the 
profile,  the  greater  the  direct  effect  of  the  acid  Irrigation  water  on 
the  water  table. 

7.5  cm  rainfall 

Figure  4.9  shows  the  downward  movement  of  Irrigation  water  at 
various  time  Intervals  from  the  conmencement  of  the  Irrigation  period. 

At  the  soil  surface  the  volumetric  water  content  prior  to  irriga- 
tion was  2.0  percent.  This  gradually  Increased  to  10.4  percent  at  300  cm 
depth.  Thus  the  resident  water  content  was  slightly  less  throughout  the 
profile  than  the  5 cm  preirrigation  water  content,  although  the  slope 
was  the  same. 

Distinct  frontal  patterns  could  be  readily  seen.  The  3-hour  irri- 
gation curve  was  the  profile  of  the  water  front 


immediately 
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Flgure  4.9. 


flux  afte 
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temlnetion  of  the  irrigation  of  7.5  cm  rain  at  2.5  CT/iir.  one  of  the 
series  used  in  the  1982  irrigations, 

As  the  water  front  moved  to  depth,  there  was  a corresponding  de- 
crease in  the  voluiKtric  water  content  of  the  soil  at  the  surface.  This 
decreased  from  a high  of  12.6  percent  at  3 hours  postirrigation  to 
3.2  percent  at  48  hours,  which  was  nearing  the  preirrigation  water  con- 
tent of  2,5  percent.  The  3-hour  curve  showed  that  the  12.6  percent 
moisture  occurred  to  a depth  of  60  cm,  which  was  twice  the  depth  of  the 
postirrigation  curve  of  the  5 cm  rain  event  for  3 hours.  In  fact,  the 
water  fronts  for  the  corresponding  time  periods  were  deeper  correspond- 
ing to  the  larger  amounts  of  applied  water. 

At  the  corresponding  tine  period,  the  water  front  was  also  moving 
at  a faster  infiltration  rate  than  the  5 cm  rainfall.  At  3 hours,  the 
rate  was  37  cm/hr  and  at  9 hours  the  rate  was  22  cm/hr,  which  was  50 
percent  higher  than  the  5 cm  rainfall  at  the  same  time  period.  Although 
the  5 cm  rain  had  slowed  to  a rate  of  14  cm/hr  at  8 hours,  the  7.5  cm 
rain  did  not  slow  to  this  rate  until  the  21  hour  period  and  at  a 
greater  depth.  The  infiltration  rates  for  the  various  curves  at  110, 

140.  190,  205,  285,  and  315  Cm  depth  were  37,  35,  27,  23,  14.  and  12 
cm/hr,  respectively.  As  with  the  5 cm  rain,  there  was  a decreasing 
infiltration  rate  with  depth. 

The  Irrigation  water  content  in  the  soil  decreased  with  time  and 
depth  as  the  water  front  moved  downward.  This  Indicated  piston  displace- 
ment increasing  witn  depth.  By  48  hours,  the  front  was  draining  into 
the  water  table.  Approximately  32  percent  of  the  eguivalent  volume  of 
irrigated  water  remained  in  the  profile  after  48  hours,  ccirpared  to 
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55  percent  for  the  5 cm  rain.  The  higher  the  rainfall,  the  higher  the 
percentage  removal  of  water  to  Che  water  table. 

It  was  estimated  that  despite  the  1982  additional  liurs  In  the  7.5  ( 
rainfall  vls-a-vIs  the  5 cm  rainfall,  the  volumetric  water  content  of 
the  75  plot  to  the  depth  of  the  water  table  (4.85  m)  was  25000  L con- 
pared  with  29400  L,  respectively.  This  nes  due  to  an  Initial  higher 
water  content  of  the  soil  profile  prior  to  the  5 cm  rain.  At  any  one 
time,  the  water  content  profile  Is  unlgue  and  reflects  the  dally  fluctu- 
ations of  the  water  reglae  In  the  soil  above  the  water  table  which  are 
very  dependent  upon  rainfall  patterns  and  Intensity  and  volume  of  each 
rain  event.  Indeed,  the  water  content  profile  for  the  48-hour  period 
for  the  5 cm  rain  showed  that  there  was  probably  a small  ambient  rain 
event  prior  to  the  neutron  probe  readings  since  the  curve  showed  a bulge 
near  the  surface.  However,  this  bulge  could  also  be  euplained  in  that 
the  soil  surface  was  relatively  drier  than  the  soils  at  60  cm  due  to 
evaporation  and  use  of  water  by  plants.  After  a rainfall,  there  would 
be  a tendency  for  the  soil  to  retain  a larger  proportion  Initially  before 
evaporation  depleted  the  near-surface  water  content  again.  This  would 
show  up  as  a bulge  In  the  water  curve  compared  to  the  Initial  profile 
of  the  dry  soil.  It  n/st  be  also  stated  that  neutron  readings  in  the 
0-22  cm  surface  depth  are  not  accurate. 

Table  4.3  shows  that  there  was  a continual  loss  of  water  to  the 
water  table  almost  Immediately  after  the  Irrigation  was  terminated.  More 
water  was  lost  to  the  water  table  at  the  various  time  periods  post- 
irrigation  for  the  7.5  cm  rain  versus  the  5 cm  rain.  However,  the  per- 
centage loss  was  lower  and  drainage  over  the  longer  period  of  48  hours 


shomd  tfiet  67,5  percent  moved  Into  the  vater  table  compared  to  45  per- 
cent far  the  5 on  rain.  At  24  hours  a volume  equal  to  30  percent  of  the 
rain  event  was  lost  to  the  water  table.  This  was  resident  water  dis- 
placed by  miscible  displacenient.  since  the  water  front  had  not  reached 
the  water  table  at  this  time  period.  Thus  at  least  30  percent  of  the 
lost  water  was  not  Irriqatlon  water  when  the  total  flux  was  examined. 

The  rate  of  downward  movement  of  the  front  was  greater  for  the  7.5 
than  the  5 cm  rain  and  had  moved  to  a greater  depth  comparatively.  It 
was  estimated  that  about  32  hours  were  required  for  the  front  to  reach 
the  water  table  compared  to  about  42  hours  for  the  5 on  rain. 

Of  more  concern  from  the  vegetation  standpoint  was  the  quantity  of 
nutrients  removed  from  the  root  tone.  Since  soil  solution  sanples  were 
taken  from  the  IS  and  75  an  depths  and  the  concentrations  are  known  over 
an  integrated  sanvling  time  of  43  hours,  then  the  quantity  of  water  re- 
moved would  Indicate  the  nutrients  removed  below  these  two  depths. 

In  the  case  of  the  5 cm  rain,  at  the  termination  of  the  rain  event, 
only  1150  L or  30  percent  of  the  irrigation  water  remained  In  the  0 to 
15  cm  depth.  This  decreased  to  45  L or  1.2  percent  at  43  hours,  Thus 
98.3  percent  of  the  Initial  irrigated  rain  water  moved  below  the  15  cm 
depth  by  48  hours  postirrigation  for  the  5 cm  rain. 

Data  for  the  5 cm  rainfall  in  the  0 to  75  cm  depth  showed  that 
3771  L or  99.6  percent  of  the  irrigated  water  remained  in  the  top  75  cm 
of  the  soil  at  the  termination  of  the  irrigation  event.  By  48  hours. 

603  1.  or  15.9  percent  remained  above  75  cm. 

In  the  case  of  the  7.S  cm  rain  event,  729  L or  13  percent  of  the 
irrigated  water  remained  in  the  0 to  15  cm  surface  soil.  At  48  hours. 
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81  L or  1.4  percent  remained  above  15  an.  Thus  after  7.5  cm  rain, 

98.6  percent  moved  below  the  IS  cm  depth  at  48  hours. 

Data  for  7.5  cm  rainfall  in  the  0 to  75  cm  depth  showed  that  4734  L 
or  83  percent  of  the  Irrigated  water  remained  In  the  0 to  75  cm  surface 
soil.  After  48  hours,  585  L or  10.3  percent  of  the  irrigated  weter 
remained. 

Table  4.4  sunnarlaes  the  data  for  the  two  depths  for  the  two  rain 

Since  the  neutron  probe  readings  were  not  accurate  above  the  22  cm 
depth,  the  surface  soli  moisture  data  were  derived  from  upper  extensions 
of  the  grid  lines  from  the  lower  depths.  Since  the  solution  sanples 
were  taken  at  48  hours,  only  the  soil  moisture  at  that  time  Is  actually 
relevant  to  the  chemical  analysis.  However,  It  was  noted  that  the  soil 
appeared  to  stablllte  at  certain  moisture  levels  at  both  depths  regard- 
less of  the  amount  of  rain  applied.  The  percentage  of  water  remaining 
to  that  applied  would  thus  differ,  but  the  absolute  amount  of  water  in 
the  soil  after  equilibrium  was  reached  at  48  hours  remained  approximately 
the  same.  If  the  soli  moisture  contents  were  the  same  prior  to  the  S 
and  7.5  cm  rain  irrigations,  the  amount  of  Irrigation  water  remaining 
In  the  0 to  15  cm  layer  would  be  the  same  regardless  of  the  amount  ap- 
plied. This  was  equal  to  4 percent  volumetric  moisture  for  this  soil. 
Since  the  soil  surface  0 to  15  cm  averages  3 percent  moisture  during  the 
normal  dry  period  at  the  site  In  florlda,  the  excess  water  needed  to 
equilibrate  the  soil  at  the  48  hour  period  was  only  0.03  cm  rain.  Thus 
99  percent  of  any  rainfall  would  move  to  below  15  cm  In  this  soil. 
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Tor  the  7S  cm  depth,  the  conditions  change  since  there  is  a moisture 
gradient  Kith  depth  which  becomes  important  in  the  amount  of  water  held 
in  the  soil  at  any  depth  relative  to  that  added  to  the  soil , and  where 
soil  conditions  such  as  drying  are  not  so  influential. 

Under  average  soil  moisture  content  under  non-rain  conditions  for 
96  hours,  the  soil  required  60  L (calculated  63  L)  per  75  m^  to  equilib- 
rate in  the  surface  15  cm  of  soil  after  48  hours.  The  liters  required 
for  the  0 to  75  cm  depth  was  600  L (calculated  594  1)  (Table  4.4). 
Therefore  the  larger  the  rainfall,  the  higher  the  percentage  of  irriga- 
tion will  have  passed  these  respective  depths  at  4S  hours.  To  calculate 
quantities  of  nutrients  passing  with  the  Irrigating  water,  a factor  can 
be  applied  depending  on  the  amount  of  nain  irrigated  onto  the  surface  or 
falling  as  ambient  nainfall.  Table  4.5  relates  tbe  amount  of  irrigation 
water  moving  past  the  15  and  75  cm  depth  at  48  hours  postirrigation  to 
the  amount  of  water  applied  at  the  soil  surface.  These  factors  can  be 
used  to  calculate  nutrient  losses. 

38  cm  rainfall 

A very  large  rainfall  event  was  imposed  on  the  soil  surface  of  one 
plot  with  the  expressed  purpose  of  monitoring  water  table  fluctuations. 

The  rate  of  application  was  10.7  cm/hr  for  a total  of  38  on.  Since  it 
was  not  known  if  the  well  level  recorders  would  detect  a water  table 
rise,  iodide  was  also  added  in  the  irrigation  water  as  a tracer.  However, 
steady  state  had  to  first  be  achieved  by  an  initial  irrigation  of  non- 
iodide  water.  Also,  the  iodide  was  required  to  be  flushed  frnn  the 
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T«lile  4.5.  Ratio  between  the  amount  of  irrigation  water  moving  oast 
15  and  75  cm  soil  depth  at  48  hours  postirrigation  and  the 
amount  of  water  applied  at  the  soil  surface. 
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sysun.  So,  in  effect,  three  rain  events  totalling  38  cm  were  applied 
to  the  plot  surface  over  a period  of  7 hours.  Time  was  required  to  take 
soil  solution  tube  samples,  well  sanfiles,  and  read  the  various  instru- 
ments after  each  of  the  three  events  (Figure  3.6). 

Figure  4.10  shows  the  downward  movement  of  38  cm  irrigation  water 
at  the  various  time  intervals  from  the  commencement  of  irrigation. 

At  the  soil  surface,  the  volumetric  water  content  prior  to  irriga- 
tion was  2.8  percent.  This  increased  with  depth  to  10  percent  at  300  cm. 
Thus  the  resident  water  profile  was  similar  to  the  profiles  of  the  5 and 
7.6  cm  regimes.  The  mean  resident  volumetric  water  contents  for  the  5, 
7.5,  and  38  cm  rain  were  27,100,  23,200,  and  21,300  L,  respectively. 
Taking  these  three  as  representing  average  site  conditions,  approximately 
24,000  L of  water  lie  below  a soil  3.9  m above  the  water  table  over  an 
area  of  75  m^.  This  approximates  8.3  percent  volumetric  water  content. 
The  soil  has  a pore  space  of  approximately  45  percent.  Thus  approxi- 
mately 18  percent  of  the  pore  space  Is  occupied  by  resident  water  at 
any  one  time.  An  irrigation  of  38  cm  rain  represents  28,200  L or 
118  percent  of  the  volume  of  the  resident  water.  The  5 and  7.5  cm 
rainfall  events  represent  15.8  and  23.8  percent  of  the  resident  water, 
respectively. 

The  downward  movement  of  the  water  front  of  the  38  cm  rainfall 
followed  a similar  pattern  as  for  the  5 and  7.5  cm  events.  The  2,  4, 
and  6 hour  curves  represent  neutron  probe  readings  Uken  at  intervals 
of  14,  26,  and  38  cm  of  irrigation  rain,  the  6-hour  curve  representing 
the  front  at  the  termination  of  the  irrigation  total  amount  applied. 
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AUhsugh  about  five  tines  tbe  amount  of  water  was  imposed  vis-a-vis 
the  7.5  cm  rain  event,  the  volumetric  water  content  did  not  increase 
above  17  percent  at  an>  one  time  compared  with  13  percent  for  the  7.S  on 
rain.  This  was  despite  the  rather  similar  content  of  resident  water  and 
indicated  the  capacity  of  this  soil  to  conduct  water  at  a high  rate  of 
flow  to  great  depths.  The  volumetric  water  content  did  not  increase 
above  38  percent  of  the  pore  volume  at  any  depth.  After  48  hours,  the 
water  content  at  the  surface  30  cm  was  3.3  percent,  very  close  to  the 
content  of  2.7  percent  prior  to  Irrigation,  having  decreased  from  15.8 
percent  at  30  cm  at  the  3-hour  period.  Thus  the  48  hour  postirrigation 
water  content  was  approximately  3 percent  after  each  of  5,  7.5,  and 
38  cm  rain  events  and  very  near  the  preirrigation  water  content  in  all 

The  3-hour  curve  for  the  38  cm  rainfall  showed  that  the  water  front 
was  at  a depth  of  190  cm  which  compared  to  60  cm  and  30  cm  for  the  7.5 
and  5 cm  rainfalls,  respectively.  Unlike  the  other  two  irrigations,  the 
38  cm  rain  profile  showed  a water  content  that  increased  with  depth  by 
the  termination  of  the  irrigation  period.  The  maximum  volume  of  water 
occurred  at  150  cm  depth  at  9 hours  after  the  coinnencement  of  the  irri- 
gation, By  12  hours,  the  water  profile  had  reached,  and  was  draining 
into,  the  water  table. 

As  noted  earlier,  the  38  cm  rain  was  actually  three  consecutive 
IrTlgations  of  14,  12,  and  12  cm  each.  Thus  the  vertical  and  horlaontal 
distances  were  exaggerated  if  compared  to  a 38  cm  continuous  rain  event. 
The  interrupted  fronts  cen  be  readily  observed  as  the  irrigation  water 
moved  to  depth  in  the  soil  profile.  The  4-hour  curve  showed  clearly 
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the  14  ana  12  cm  rain  and  the  6-hour  curve  showed  all  three  rain  events, 
although  the  {teaks  were  more  diffuse.  The  interirrigation  periods  can 
also  be  seen  as  sloping  decreases  in  water  content  in  Che  curves.  The 
three  fronts  all  moved  at  the  same  rate  with  depth  as  they  passed 
through  the  soil  in  three  continuous  fronts. 

A steeper  slope  was  observed  on  all  three  curves  of  the  resident 
water  prior  to  Irrigation  for  the  S,  7.5,  and  38  cm  rainfalls.  These 
occurred  at  the  0 to  30  cm  depths.  The  slope  could  be  the  effect  of 
evaporation  of  soil  water  at  the  surface  due  to  the  high  teingeratures 
and  also  uptake  by  roots  In  this  zone.  This  would  further  decrease  the 
water  content  (theta)  near  the  surface  and  be  a source  of  water  loss  in 
that  direction,  i.e.,  upwards.  The  rate  of  frontal  movement  for  the 
38  cm  rain  was  njch  more  rapid  than  for  the  5 and  7.5  cm  rain  events 
and  the  rate  of  water  penetration  did  not  decrease  as  rapidly.  The 
fronts  moved  to  105  cm  after  2 hours  for  a rate  of  52  cm/hr  (Table 
4.6).  It  was  at  185  cm  after  4 hours  for  a rate  of  46  cm/hr  and  at 
285  on  after  6.5  hours  for  a rate  of  43  ch/hr.  8y  12  hour  period,  the 

been  lost  to  this  phase.  By  43  hours,  only  4.4  percent  of  the  volume 
of  irrigated  water  remained  above  the  water  table. 

Figure  4.10  shows  that  the  irrigation  front  had  reached  the  water 
table  between  6 and  12  hour  period.  The  water  was  moving  at  a slightly 
decreasing  rate  so  that  at  the  water  table  (3. 86  m),  the  rate  would  be 
approximately  45  cm/hr.  Thus  the  front  reached  the  water  table  in  9.0 
hours  for  a mean  rate  of  45.2  cm/hr.  This  compared  to  27  hours  for  the 
7.5  cm  rain  and  33  hours  for  the  5 cm  rain,  the  mean  rates  being  14.2 
and  11.7  cm/hr,  respectively. 
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If  there  were  no  piston  displacement,  the  resident  water  plus  the 
irrlgatien  water  would  equal  the  profile  water  content  at  any  time  before 
the  water  reached  the  water  tafile.  The  38  cm  rain  data  indicated  that 
this  was  not  the  ease  and  that  from  the  cornnenceaBnt  of  the  Irrigation 
there  was  a downward  displacement  and  thus  movement  of  the  water  from 
above  the  water  table  into  the  water  table.  This  occurred  on  an  in- 
creasing scale  with  time  within  the  Irrigation.  Also,  the  largest  rain- 
fall moved  the  greatest  amount  of  water  into  the  water  table  past  a 
given  point  at  a given  time.  As  greater  amounts  of  water  were  imposed 
on  the  soil  surface,  either  as  rainfalls  of  long  duration  at  the  same 
rainfall  rate  or  at  the  same  duration  but  increasing  rainfall  rate,  less 
of  the  irrigation  water  could  be  accounted  for  in  the  water  profile 
curves.  This  Indicated  that  the  irrigation  water  was  entering  the 
resident  or  initial  soil  water  phase  and  was,  in  effect,  replacing  the 
resident  water  as  the  irrigations  continued. 

Prior  to  the  water  front  reaching  the  water  table,  the  displacement 
amounted  to  about  29.7  percent.  Between  6 and  12  hours,  replacenent 
figures  were  31.1  and  41.0  percent,  respectively.  Thus  the  loss  at  9 
hours  would  be  approximately  Intermediate  assuming  that  the  rate  decrease 
remained  constant.  This  was  calculated  to  be  10,200  L which  is  very  close 
to  the  profile  water  content  at  2 hours.  Apparently,  the  water  moved 
into  the  water  table  imnediately  as  water  was  applied  to  the  surface  of 
the  soil,  which  was  really  just  a large  water  column  Itself.  This  dis- 
placed water  continued  to  move  into  the  water  table  as  the  water  was 
imposed  on  the  surface.  At  9 hours,  when  the  Irrigation  front  actually 
contacted  the  water  table,  approximately  36  percent  of  the  volure  of 
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the  trrtgated  water  had  moved  to  the  water  taole.  This  was  not  irri- 
gated water,  bet  resident  water  pushed  down  by  piston  displacement. 

By  4S  hours,  only  4.4  percent  of  the  irrigated  volume  of  water  re- 
mained in  the  soil  profile  above  the  water  cable.  This  renaining  water, 
about  1200  L under  Che  plot  area,  was  distributed  relatively  evenly  with 
depth  being  approiinately  0.3  percent  above  the  prelrrigatlon  water 
profile.  The  slopes  of  the  profiles  at  the  48  hour  time  period  were 
similar  for  the  5 and  7.5  cm  rain  events  also.  At  300  cm,  the  vertical 
slopes  of  the  water  profiles  for  5,  7,5  and  38  cm  were  31,  27,  and 
27  percent,  respectively. 

The  last  4,4  percent  water  would  gradually  continue  to  drain  into 
the  water  table  post-48  hours  and  revert  to  the  water  content  of  the 
soil  prior  to  Irrigation.  If  a rain  event  occurred,  the  profile  would 
again  change  depending  on  the  magnitude  of  the  event.  The  vertical  pro- 
file of  the  water  content  in  the  soil  is  a vary  dynamic  one. 

The  percentage  of  irrigation  water  to  resident  water  in  the  drain- 
age water  is  of  greet  importance  in  estinating  the  loss  of  nutrients 
fran  the  soil  to  Che  water  table. 

Moisture  release  curves  for  this  soil  (Figure  4.11)  showed  that 
below  6 percent  water  content,  the  water  was  held  at  high  tension.  Prior 
to  irrigation,  the  water  content  at  the  30  cm  depth  of  soil  averaged 
4.7  percent  for  10  of  the  irrigations  for  which  profiles  were  determined. 
The  surface  water  contents  were  3.0  percent.  Thus  the  water  content 
near  the  surface  of  the  soil  is  held  under  high  tension  at  most  times 
during  the  year.  In  fact,  the  6 percent  volumetric  water  content  was 
not  encountered  until  the  120  cm  depth  was  reached  on  average  (180  for 
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the  38  cm  rain  event).  This  water  will  mve  very  slowly.  Above  6 per< 
cent,  t.e.,  below  UO  cm,  the  water  will  tend  to  move  or  be  replaced 
much  more  rapidly. 

The  6 percent  deficit  occurred  above  the  180  cm  depth  for  the  38  on 
rain  event  (Figure  4.12),  It  was  calculated  to  be  3260  L.  The  water  in 
excess  of  6 percent  and  below  the  180  cm  depth  to  the  water  table  eleva- 
tion was  calculated  to  be  S630  L.  This  means  that  3260  L would  move  Into 
the  higher  tension  zone  pore  space  upon  irrigation  and  would  tend  to 
move  more  slowly.  This  represented  about  30  percent  of  the  first  Irrl- 
gatlcei  sequence  of  10,200  L (12  cm  rainfall)  or  11  percent  of  the  38  cm 
rain.  The  remaining  water  would  be  freer  to  move  downward  in  the  pro- 
file. Conversely,  the  water  In  the  soil  at  depth  or  above  6 percent 
could  more  readily  be  replaced  and  moved  downward  by  piston  displacement 
from  the  upper  water  moving  into  the  soil  pores  from  above.  This 
amounted  to  5630  L.  or  about  20  percent  of  the  irrigation  volume  of  rain 
or  about  26-4  percent  of  the  resident  water.  However,  there  was  also  a 
decreasing  head  with  depth  which  has  a decreasing  effect  relative  to 
water  replacement.  Thus  piston  displacement  would  tend  to  be  very 
important  near  the  surface  of  the  soil  and  of  decreasing  magnitude 
dependent  on  the  depth  to  the  water  table.  Since  the  water  table  was 
estimated  to  be  essentially  level  with  the  lake  at  least  to  SO  meters 
from  the  lake  edge,  the  soil  surface  would  theoretically  tend  to  be 
drier  with  elevation  or  distance  from  the  lake  edge,  other  factors  such 
as  ground  cover,  etc.,  being  constant. 

Table  4.6  shows  the  increase  in  water  loss  to  the  water  table  with 
the  water  front  increased  with  depth  in  the  soil.  At  the 
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water  entrji  to  the  water  table  slowed  considerably.  Hie  rate  of  water 
entry  to  the  water  table  ranged  from  1570  L/hr  at  2 hours  to  560  L/hr  at 
48  hours.  Thus  there  was  a slow  decrease  over  the  48  hour  period  of  the 

Table  4.7  shows  that  all  the  resident  water  1n  the  0 to  US  cm  depth 
was  moved  to  depth  by  piston  displacement.  Eighty-six  percent  of  the 
resident  water  in  the  0 to  190  cm  depth  profile  was  removed  (or  71  per- 
cent of  the  115  to  190  cm  water).  A total  of  69  percent  of  the  0 to 
285  cm  depth  water  was  removed  (or  52  percent  of  the  190  to  285  cm  water). 
A curve  (Figure  4.12)  showing  these  losses  and  extending  to  the  water 
table  Shows  that  48  percent  of  the  resident  water  was  lost  (or  8 percent 
of  the  285  to  385  cm  depth)  by  piston  displacement.  The  resident  water 

file  at  9 hours  postirrigation.  Since  drainage  of  the  irrigation  water 
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Table  4.7.  Kovenent  of  soil  resident  water  to  the  water  table  at 


Prefrrigation  Mater  lost  Postirrigation  Sesident 
resident  to  water  resident  water 


0-115  2 3149  3140 


0-190  4 6170  5310  870  13.9 

115-190  4 3040  7170  870  28.6 

0-285  6.5  12800  8780  4020  31.4 

190-285  6.5  6630  3470  3150  47.5 

0-385  9 21230  10200  11030  52.0 

285-385  9 8400  1420  6980  83.3 
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mto  the  water  table  began  at  this  tine  period,  a final  estimate  Is 

table  in  the  9 to  48  hour  period.  The  hydraulic  head  had  decreased  by 
IZ  hours  postirrigation  and  the  water  content  at  the  surface  was  not 
8 percent  moisture,  a reduction  from  14  percent.  Only  the  water  in 
excess  of  G percent  would  now  readily  drain  with  the  irrigation  water. 
This  amounted  to  2170  1.  Thus  we  have  an  estimate  of  the  resident  water 
lost  from  the  profile  to  48  hours  postirrlgation.  This  equalled  10.200  L 
(the  water  lost  to  9 hours  by  piston  displacement  before  the  irrigation 
front  reached  the  water  table)  plus  2170  L free  drainage  water  • 12,370  L 
or  58  percent  of  the  resident  water  or  44  percent  of  the  irrigation 
water.  Since  at  48  hours,  4.4  percent  of  the  irrigation  water  remained 
(1250  L),  46  percent  of  the  total  amount  of  water  lost  to  the  water 
table  would  be  resident  waUr.  If  the  chemistry  of  the  resident  water 
were  near  the  chemistry  of  the  percolating  irrigation  water,  a direct 
calculation  of  nutrient  loss  could  be  made  considering  only  total  volume 
lost.  If  the  irrigation  chemistry  were  different,  a percentage  loss  of 
nutrients  mist  be  considered.  In  the  cese  where  acid  rain  everts  are 
abnormally  low  in  pH  and  in  effect  shock  the  system,  then  the  percentage 
effect  most  be  considered  since  the  percolating  irrigation  water  will  be 
high  in  nutrient.  In  the  present  experiments,  this  was  the  case.  In 
the  future  where  the  present  acid  rain  event  will  be  3.7,  for  example, 
again  the  system  will  have  stabilized,  the  resident  water  will  be 
approximately  the  same  as  the  percolating  irrigation  water  in  chemistry 
and  only  the  volume  loss  need  be  considered  in  calculating  loss  of 
nutrients  from  the  soil. 
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flgiire  4.13  shows  the  vertical  rise  of  the  water  table  under  the 
irrigated  plot  as  the  3S  on  rainfall  event  drained  into  the  water  table. 
Six  wells  were  located  in  the  transect  with  well  #5  being  the  plot  well. 
The  transect  of  wells  ran  downslope  with  one  well  being  located  in  the 
lake  Itself  to  be  used  as  a standard  reference  level.  The  downslope 
wells  were  located  5.S,  16.4,  22.3.  and  28.4  m from  the  plot  well  and 
were  known  as  the  6 n,  16  n,  22  n,  and  28  n wells,  respectively.  The 
6 n well  was  located  only  1 n from  the  boundary  of  the  plot  itself 
(Figure  3.7). 

There  was  little  indication  that  nonvertical  flow  occurred  as  the 
water  front  moved  vertically  from  the  surface  to  the  water  table.  If 

well  being  only  1 n distance  from  the  plot  boundary.  However,  there  was 
a delay  of  2 hours  before  detection  of  a moving  front.  This  repre- 
sented a distance  of  70  cm  with  a conductivity  of  35  cm/hr  established 
earlier.  Therefore  there  could  have  been  a moving  edge  of  30  cm  or 
less.  Whether  this  extended  angularly  to  the  surface  or  was  Just  a 
fringe  or  capillary  front  could  not  be  determined  since  no  wells  were 
located  directly  at  the  plot  boundaries. 

Figure  4.13  shows  that  all  four  land  wells  consistently  recorded 
a movement  in  the  water  table.  These  were  the  plot  well,  the  6.  16, 
and  22  m wells.  From  the  well  recorder  data,  the  water  front  reached 
the  water  table  at  about  8.5  hours  after  coimencement  of  irrigation. 

The  soil  depth  to  the  water  table  was  386  cm  which  indicated  that  the 
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HOURS  POST-IRRtGATION 
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water  front  moved  down  the  profile  at  an  average  rate  of  45  cm/hr.  This 
was  almost  the  exact  rate  indicated  from  the  neutron  proOe  vertical  pro- 
file data  (43  cn/hr).  The  hydraulic  conductivity  for  the  soil  was 
74  cn/hr  which  shows  that  the  water  noved  to  the  water  table  profile 
at  a rate  of  about  6Q  percent  of  the  hydraulic  conductivity. 

The  mounded  water  peeked  at  11  hours  postirrigation  after  a sharp 
rise  from  theS.Shour  detection  time,  then  decreased  equally  rapidly 
until  at  72  hours  the  recorded  level  was  at  the  original  water  Uble 
level.  Thus  after  72  hours  no  more  water  could  be  detected  as  draining 
into  the  water  table,  92  percent  having  entered  the  water  table  by 

The  total  volume  of  water  detected  in  the  plot  boundaries  at  the 
water  table  was  10,840  L (or  98S0  L at  the  48  hour  period).  A total  of 
28,200  L was  Imposed  on  the  plot  Indicating  that  only  38.5  percent  of 
the  imposed  water  was  detected  by  the  plot  well.  However,  there  were 
no  "walls"  at  the  iraginary  perimeter  of  the  plot  at  the  water  table 
surface.  The  soil  pores  were  continuous  and  water  would  readily  move 
outside  the  plot  boundaries  1n  a11  directions  or  down  the  gradient.  In 
effect,  the  water  table  mounded  in  spite  of  the  laterally  iroving  water 
during  mounding, 

vertical  front  reached  the  water  table.  During  the  2-hour  mounding, 
water  moved  laterally.  This  movement  was  detected  in  the  downslope 
wells.  The  8.5  hour  detection  by  recorder  of  coimnencement  of  water 
table  mounding  coincided  closely  with  the  9-hour  estimation  from  the 
vertical  profile  data.  8oth  6 and  16  m wells  recorded  a movenent  at 
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approiinately  the  same  tine  which  indicated  an  initial  rapid  frontal 
movement  horizontally  towards  the  lake.  The  time  of  detection  for  these 
two  wells  was  9.B  hours.  Thus  by  9.5  hours  postirrigation,  the  water 
front  had  moved  385  cm  vertically  and  had  created  a surface  wave  response 
on  the  water  table  which  was  detected  another  11.6  n horizontally  toward 
the  lake  from  the  boundary  of  the  plot.  The  total  vertical  plus 
horizontal  distance  of  15.5  n averaged  160  CPi/hr. 

The  plot  well  peaked  at  10.7  cm  at  2.5  hours  after  detKtion  and 
11  hours  after  irrigation  coimenced.  The  6 m well  peaked  at  2 cm  at 
2.5  hours  after  detection  and  13  hours  after  irrigation.  The  16  n well 
peaked  at  1.4  cm  after  5.5  hours  from  detection  or  15  hours  postirriga- 
tion. The  22  n well  peaked  at  0.7  cm  at  17  hours,  being  detected  at 
15  hours  postirrigation. 

The  peak  in  the  plot  well  moved  to  the  6 m well  in  2 hours.  It 
travelled  10.7  m to  the  next  well  in  2 hours.  It  moved  6 m to  the  next 
well  in  2 hours,  being  now  5 m from  the  lake.  It  would  contact  the  lake 
edge  in  another  2 hours  from  the  22  m well,  for  a total  horizontal 
distance  of  28.4  m in  8 hours.  This  was  a horizontal  rate  of  350  cm/hr. 
Thus  the  vertical  front  moved  at  an  average  rate  of  43  cm/hr  and  the 
horizontal  wave  front  roved  at  a rate  of  350  cm/hr,  or  7 tires  faster 
than  the  vertical  rate. 

The  notion  of  the  wave  showed  that  the  Inplot  water  table  mounded 
considerably  before  there  was  any  horizontal  movement  (Table  4.8).  The 
plot  well  was  at  a height  of  5.6  cm  (50t  of  peak  rise)  at  9 hours  before 
any  movement  was  noted  at  the  6 m well . When  the  plot  well  was  at  its 
peak,  at  11  hours,  where  vertical  movement  within  the  plot  egiialied 


Table  4.S.  Water  table  fluctuations  after  a 38  cm  irrigated 


Heignt  above  water  table 

Hours 

post  Plot  6 n 16  n 22  m 

Irrigation  well  well  well  well 


45 

51 

72 


O.OS 

0.10 

0.84 
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horizontal  novenent  away  from  the  plot,  the  6 n well  was  at  1/4  peak 
(Fisure  4.14).  As  the  plot  well  peak  was  decreasing  at  13  hours,  the 
6 n well  was  peaking,  showing  fairly  rapid  response,  and  the  16  n we11 
was  at  3/4  peak  rise.  As  the  plot  we11  peak  further  decreased,  to  3/4 
peak  at  IS  hours,  the  6 n well  was  decreasing  to  3/4  peak,  the  16  ■ well 
was  peaking  and  the  22  n well  was  heginning  to  rise.  At  17  hours,  the 
plot  well  was  at  the  same  stage  as  the  9 hours,  I.e.,  about  1/2  peak, 
the  other  two  well  peaks  were  continuing  to  decrease,  and  the  front  was 
peaking  at  the  22  m well . At  21  hours,  the  well  peaks  were  all  below 
50  percent  peak  height  and  levelling  out,  thus  draining  very  little 
additional  water  at  any  one  well.  However,  the  zone  of  influence  was 
now  extended  to  1520  m^  from  the  original  75  n?  area  of  the  plot  Itself. 
Thus  even  a low  profile  could  represent  a large  total  volume  of  water 
over  the  area  being  drained. 

Referring  to  the  38  cm  rain  in  Table  4.6,  at  the  12  hour  post- 
irrigation period  when  the  water  was  draining  into  the  water  table, 
there  was  a deficit  of  11,570  L.  This  was  the  difference  between  the 
amount  irrigated  plus  resident  water  and  the  amount  of  water  under  the 
profile  from  the  neutron  probe  data.  In  other  words,  the  water  moved 
into  the  water  table  by  miscible  displacement.  At  12  hours,  the  water 
content  under  the  profile  was  37,860  L,  rather  than  the  49,400  L cal- 
culated for  no  displacement.  The  deficit  can  also  be  readily  seen  in 
the  well  recorder  data.  The  water  content  under  the  horizontal  profile 
at  11  and  13  hours  was  plotted  and  the  12-hour  curves  established 
(Figure  4.14).  Hhen  transposed  to  volume,  the  amount  at  this  tine 
period  was  11,600  L,  very  close  to  the  11,540  L deficit  as  seen  in  the 


HEIGHT  ABOVE  WATER  TABLE  (cm) 


postlrrfgation 


distance  from  plot  (m) 

Figure  4.14.  Relative  rise  and 
from  the  nlot. 


fall  of  the  «ter  table  with  distance 
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»ert1ca1  profile  data.  Thus  the  well  recorder  data  for  the  water  table 
volume  accounted  very  well  for  the  water  deficit  noted  in  the  neutron 
probe  data  in  the  vertical  soil  profile. 

Regarding  the  shape  of  the  four  frontal  well  curves,  the  plot  well 
curve  was  definitely  a frontal  curve  and  tailed  for  many  hours,  showing 
slow  leakage  to  the  water  table  from  the  above  plot.  The  6 n well  curve 
was  more  bellshaped,  and  the  16  m well  curve  was  a tailing  curve.  The 
2?  m well  curve  was  a small  relatively  unifonn  curve. 

The  rate  of  peak  rise  decreased  with  distance  froei  the  plot  well. 
These  rates  for  the  plot  well , 6 m,  16  m,  and  22  m wells,  were  3.6, 

0.8,  0.26,  0.13  cn/hr.  respectively.  The  rates  of  peak  fall  for  the 
four  wells  were  .25,  .14,  .12,  and  .09  cn/hr,  respectively.  The  curves 
showed  that  with  distance  from  the  plot  well,  the  riseifall  curves  for 
the  water  movement  front  along  the  water  table  surface  changed  from  an 
initial  frontal  curve  to  a tailing  curve- 

Chenistry  of  the  Vertical  and  Horizontal  Fluxes 
Iodide  as  a tracer  for  water  flow 

The  38  cm  rainfall  was  applied  in  three  consecutive  rain  events. 
Ihe  first  14  cm  consisted  of  lake  water  tc  establish  steady  state  flow 
conditions.  This  was  followed  by  a 12  cm  rain  which  had  a pH  of  3.0 
using  70:30  H2S0,:HN0j  adds  spiked  with  10  mg/L  of  iodide  as  potassium 
iodide.  This  was  followed  by  12  cm  of  lake  water  irrigation  to  flush 
the  soil 
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moumJed  water  moved  laterally  towards  Me  lake. 


Iodide  background  concentrations  In  Me  soil  profile  were  very  low 
being  0.018  mg/L  averaged  from  the  soil  surface  to  the  300  cm  depth 
where  the  deepest  soil  solution  sativle  tubes  had  been  placed.  At  the 
24  hour  sampling  period  after  the  conmencenent  of  Irrigation,  the  iodide 
was  distributed  throughout  the  soil  profile  with  the  highest  concentra- 
tions in  the  upper  ISO  cut  of  soil  with  a relatively  even  distribution, 
the  mean  being  0.96  ng/L  to  this  depth.  The  data  suggested  that  the 
highest  concentrations  were  Indeed  at  or  near  the  150  cm  depth.  At 
48  hours,  the  distribution  had  Increased  with  depth  to  300  cm.  although 
the  mean  concentration  bad  decreased  to  0.36  ng/L.  At  96  hours  and 
168  hours  (7  days),  the  even  I distribution  had  been  maintained  with  the 
mean  concentrations  decreasing  further  to  0.190  and  0.097  ng/L, 
respectively.  As  the  sampling  times  doubled  (1,  2,  4,  and  7 days), 
the  mg/L  iodide  halved,  respectively  (0.78,  0.36,  0.19,  0.09  ng/L), 
in  the  vertical  soil  profile.  This  indicated  a rapid  movement  of  1 to 
the  water  uble  and  a continuous  dilution  concurrently.  The  Iodide 
rain  event  had  been  followed  by  an  equivalent  volume  of  nonlodlde  lake 
water  which  could  indeed  have  been  Me  source  of  the  dilution  water. 

It  was  unfortunate  that  Insufficient  leachate  was  obtained  at  19  hours 

The  well  data  for  this  tine  period  indicated  Mat  Me  vertical  soil 
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Table  4.9.  Continued. 


The  wells  were  also  concurrently  sanpled  1n  order  to  esUblish  a 
continuous  iodide  profile  vertically  and  horizontally  at  the  water 
table  surface.  Unlike  the  vertical  soil  profile  where  the  Iodide  was 
initially  evenly  distributed  as  natural  background  concentrations,  the 
water  table  well  data  showed  that  there  was  an  iodide  gradient  along 
the  well  transect.  As  the  transect  approached  the  lake,  the  background 
iodide  concentration  increased  10-foId  from  0.015  mg/L  in  the  plot  well 
to  0.12  mg/L  in  the  22  m well  (4  n front  the  lake).  The  lake  had  an  I 
concentration  of  0.014  i?/L.  There  was  thus  a zone  of  high  I concen- 
tration near  Che  lake.  The  vertical  depth  of  the  soil  to  the  water 
table  at  this  well  was  0.5  in  and  it  is  conjecture  as  to  the  reason  tor 
the  elevated  I,  Subsequent  sampling  of  wells  around  the  lake  established 
concentric  rings  of  I concentration  which  decreased  with  distance  from 
the  lake.  Thus  the  movenent  of  I in  the  water  table  from  the  plot  well 
to  the  lake  was  moving  against  a natural  iodide  gradient  of  consider- 
able magnitude. 

From  previously,  the  water  front  contacted  the  water  table  at 
approxlMtely  9 hours  postirrigation  and  moved  toward  the  lake  contact- 
ing the  lake  at  17  hours,  peaking  at  19  hours.  At  19  hours,  the  I con- 
centratTon  in  the  22  m well  (the  well  nearest  the  lake  being  4 n dls- 

1.15  mg/L.  This  was  an  increase  in  the  natural  concentration 
ve  been  a reflection  of  the  1 1n  the  frontal  peak.  I being 
mg/L  Indicating  a 


very  mobile.  By  24  hours,  this  had  decreased  to  0.03 
dilution  effect.  The  subsequent  sangillng  periods  for 
days  showed  that  the  I reminaed  at  this  low  concentration,  the  high 

■n  diluted  by  the  effect  of  the  unnaturally  high 


natural  iodide  having  bi 
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irrigation  of  3B  cm.  Thfs  well  then  recovered  It  7 days  and  approached 
the  preirrigation  concentration.  The  data  for  the  6 m and  16  m wells 
confirm  the  elevated  I at  19  hours,  being  well  above  the  background 
concentrations  which  themselves  were  decreasing  in  these  wells  being  a 
greater  distance  from  the  lake.  All  the  wells  were  uniformly  low  during 
the  48  to  96  hour  period  indicating  that  the  dilution  effect  of  the 
irrigation  was  at  a nBaiumm.  Thus  after  an  initial  flush  of  1 vertically 
and  horizontally  along  the  gradient  to  the  Take,  the  soil  profile  and 
water  table  surface  gradually  decreased  in  I which  would  seemingly  con- 
tinue to  base  levels. 

Potassium 

If  iodide  could  be  traced,  the  counter  ion,  potassium,  should  also 
be  traceable  in  the  water  system.  Table  4.9  shows  that  the  background 
soil  water  concentrations  at  the  soil  sample  tube  depths  of  15,  75,  150, 
and  300  cm  were  relatively  uniform  and  averaged  0.76  mg/L  in  the  soil 
solution.  The  48  hour  sainpling  indicated  that  K was  highest  in  concen- 
tration in  the  15  cm  depth  and  uniformly  lower  at  the  three  lower  dpeths, 
averaging  6.12  rag/L.  Although  rather  nonuniform,  the  4-day  and  7-day 
data  for  K indicated  that  the  lower  depths  were  highest  in  K.  The 
average  for  these  two  periods  were  9.76  and  8.83  mg/L,  respectively. 

The  A concentrations  in  the  flui  experiment  were  the  highest  levels 
encountered  throughout  all  the  previous  irrigations,  indicating  the 
positive  effect  of  using  K as  a companion  tracer  with  iodide.  Potassium 
at  the  300  cm  depth  in  the  plot  showed  the  movement  of  K to  depth  with 
tine  having  peaked  at  14.9  mg/L  at  96  hours  in  the  sampling  sequence 
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chosen.  The  water  table  below  the  plot  increased  gradually  in  K con- 
centration as  the  K slowly  moved  to  depth  and  was  diluted  upon  contact 
with  the  water  table. 

Potassium  moveo«nt  in  the  we11s  corresponded  to  the  iodide  data. 

Again  there  was  an  increasing  natural  gradient  as  the  transect  approached 
the  1ahe,  the  22  n well  being  in  the  tone  of  high  K,  as  it  was  with  the 
I.  The  Take  concentration  was  0.35  mg/L  of  K.  The  plot  well  and  the 
16  and  22  m wells  showed  depressions  in  K concentrations  with  time, 
respectively.  These  occurred  at  Z4,  <8.  and  96  hours,  respectively,  and 
would  be  the  effect  of  the  dilution  rain.  The  tine  profile  for  the  22  n 
well  clearly  showed  the  depression  conmencing  at  hours,  the  initial 
front  having  peaked  at  17  hours,  with  the  lowered  K continuing  to  at 
least  7 days  and  then  showed  recovery.  The  average  K in  the  well  transect 
for  the  sampling  periods  showed  the  initial  flush  of  K as  the  frontal 
peak  passed  the  wells,  then  a decrease  in  K as  the  dilution  water 
affected  the  chemistry  and  thence  recovery, 

Host  of  the  potassium  obviously  moved  more  slowly  down  the  soil 
profile  than  did  I due  to  the  lower  nobility  of  K being  a cation,  al- 
though there  appeared  to  be  an  initial  flush  of  K directly  with  the 
front.  This  movemenc  was  also  observed  hori2onta11y  in  the  water  table 
data.  As  the  mounded  water  table  below  the  plot  moved  horiaontaHy  and 
also  entered  the  water  table,  K gradually  increased  in  concentration 
and  at  a slower  rate  than  1 in  this  zone.  The  6 and  16  m wells  showed 
the  slower  moverent  of  K in  the  water  table  with  distance  from  the  plot. 
The  16  m well  showed  that  the  K increased  to  well  above  the  background 
concentration  only  after  7 days  postirrigation,  having  peaked  luch  sooner 
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in  the  6 m mil , The  retardeticei  of  the  K cation  would  be  expected 
since  the  soil  was  continuous  below  the  water  table  and  K would  be  con- 
tinuously adsorbed  as  it  moved  into  and  along  this  phase  of  the  system. 

The  we11  upslope  from  the  plot  well  also  showed  elevated  I and  K 
concentrations  at  the  7 day  samplings.  Thus  the  water  table  inland  from 
the  irrigated  plot  along  the  transect  was  also  Influenced  by  the  rain 
event.  Since  it  was  previously  established  that  the  water  table  was 
essentially  flat  to  a distance  of  at  least  50  meUrs  from  the  lake, 
i.e.,  more  than  20  meters  inland  from  the  plot  well,  then  it  would  be 
reasonable  to  expect  mounded  flow  in  all  directions  from  the  plot  center. 

The  zone  of  high  ion  concentration  at  the  22  m well  foirod  a chemical 
barrier.  Ihe  presence  of  the  ion  gradient  was  not  expected  and  compli- 
cated the  I and  K chemistry.  However,  this  barrier  was  also  a fortui- 
tous occurrence  since  it  offered  a standard  for  observation  of  the 
diluting  water  front  that  moved  towards  the  lake.  Its  dilution  was  as 
much  an  indication  of  rate  of  flux  as  was  the  tracer  ions.  The  K ion. 
for  example,  was  above  1 mg/L  to  19  hours.  Subsequent  samplings  showed 
that  the  K concentration  decreased  by  24  hours,  was  lowest  at  96  hours, 
and  at  14  days  was  again  approaching  the  former  levels.  This  indicated 
the  diluting  effect  of  the  irrigation  front  on  the  ion  gradient  and  that 
the  front  indeed  did  reach  the  lake.  Iodide  also  showed  the  same  trend. 

Calcium  and  magnesium  were  the  two  major  divalent  cations  in  the 
soil  system.  The  preirrigation  soil  solution  samples  showed  that  Ca 
increased  with  depth  to  31M  cm,  whereas  Hg  remained  relatively  constant. 
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The  preirrigation  means  for  Ca  and  Hg  were  10.7  and  0.55  mg/L,  respec- 
tively. During  Me  three  postirrigation  sampling  periods,  2,  4,  and  7 
days.  Mis  increasing  concentration  with  depth  was  maintained,  although 
the  concentrations  decreased  wiM  time.  The  means  for  2,  4,  and  7 days 
for  Ca  were  17.6,  14.2,  and  13.3  mg/L,  respectively. 

In  the  case  of  Mg,  the  concentration  profile  appeared  to  occur  with 
Me  75  cm  depth  becoming  Me  depth  of  highest  concentration  (1.42  «g/L) 
for  Me  2,  4,  and  7 day  sarpling  periods.  Similarly  as  with  Ca,  the  con- 
centrations decreased  wIM  time,  alMough  only  slightly.  Mg  being  1.06, 
0.99,  and  0.95  mg/L.  respectively. 

In  the  water  table  regime,  both  Ca  and  Hg  showed  increasing  con- 
centration along  Me  transect  with  increasing  proximity  M the  lake. 

The  highest  concentrations  occurred  in  Me  22  m well  being  4 m from  the 
lake.  The  means  here  for  Ca  and  Hg  were  12.3  and  1.81  mg/L.  These 
coincide  with  Me  respective  concentrations  in  Me  75  cm  depth  in  the 
soil,  for  Ca  there  were  two  increasing  gradients  with  distance,  one  in 
the  soil  WiM  depM.  one  in  Me  water  table  with  distance  towards  Me 
lake,  and  occurred  in  both  the  pre-  and  postirrigation  samplings.  For 

water  table  gradient  was  the  same  as  for  Ca.  As  Ca  decreased  wIM  time 
In  the  soil  at  Me  various  depths,  it  increased  In  the  plot  well.  Me 
6 m and  16  n wells.  Ho  discernible  Increase  could  be  seen  in  the  22  m 
well  In  the  tone  of  high  concentration  near  Me  lake.  The  same  trend 
was  clearly  discernible  in  this  well  for  Mg.  Apparently,  as  Mese  two 
elements  moved  down  the  profile  and  into  the  water  table,  there  was  a 
gradual  increase  in  Me  concentrations  in  the  water  table  but  limited 
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In  its  extension  from  We  plot  boundaries-  For  Ca,  We  increase  con- 
tinued to  14  days.  For  Mg,  there  >ias  an  initial  increase  frai  the  pre- 
irrigation  concentrations.  Wen  a gradual  decrease  which  varied 
directly  with  We  distance  frcn  We  plot  well.  In  ower  words,  for  Hg, 
We  tone  of  increasing  concentrations  became  more  restricted  wiW  time 
until  at  96  hours,  only  We  plot  well  was  increasing  in  Mg  concentration. 

22  m well  showed  a narked  decrease  and  then  recovery  at  We  24  hour 
period.  This  would  Indicate  an  initial  dilution  effect  at  19  hours 
from  We  moving  water  front  reaching  this  well  and  diluting  the  high 
concentrations  of  these  elements.  The  neutron  probe  and  well  recorder 
data  discussed  earlier  indicated  that  the  wave  front  would  reach  the 
proximity  of  We  lake  at  17  hours.  8y  19  hours,  at  the  frontal  peak, 
this  effect  could  thus  be  observed  and  the  chemical  data  again  seemed 
to  confirm  We  physical  flux  data. 


Sodium  was  We  only  cation  added  to  We  soil  system  in  concentra- 
tions greatly  in  excess  of  the  ambient  rain  concentrations,  the  lake 
water  being  high  in  sodium.  This  is  probably  the  consequence  of  We 
long  term  effect  of  sea  salts  in  the  rain  water  and  evaporation  at  the 
lake  surface.  Natural  background  concentrations  and  changes  in  concen- 
trations  were  thus  difficult  to  observe  1n  We  plot  leachates.  Since 
the  plots  were  irrigated,  the  soils,  thus  soil  solutions,  were  quickly 
“contaminated"  wiW  sodium.  However,  the  well  data  do  indicate  water 
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UblB  concentration  gradients.  The  concentration  of  Na  in  the  plot  well 
was  the  sane  as  the  lake  in  the  preirrigation  samples.  This  was  the 
result  of  thousands  of  gallons  of  lake  water  having  been  applied  to  the 
plot  In  the  acid  rain  study  over  the  two  years.  However,  there  was  a 
slight  increasing  gradient  for  Na  as  we  approached  the  proximity  of  the 
lake  itself  along  the  water  table.  The  decrease  with  distance  from  the 
plot  well  could  be  seen  in  both  the  lakeside  and  inland  side  of  the  plot 

An  important  observation  could  be  made  for  the  Ha  data  in  the  near 
lake  wells.  The  Na  data  for  the  lake  over  the  7 sampling  tines  showed 
a mean  of  3.47  mg/L  with  a standard  deviation  of  0.07.  The  well  4 reWrs 
distance  from  the  lake  edge  showed  a Na  concentration  of  2.02  with  a 
standard  deviation  of  0.13.  If  the  lake  water  were  draining  to  the  soil 
water  table,  we  would  not  expect  to  have  the  high  Na  negative  gradient 
over  such  a short  distance  considering  the  hydraulic  conductivity. 

Thus  there  must  be  very  limited  Inland  movement  horizontally  of  the 
lake  water.  Any  movement  would  thus  be  in  the  reverse  direction,  i.e., 
towards  the  lake.  The  zone  of  high  nutrient  concentration  could  be  an 


There  wms  a natural  increase  in  pH  with  depth  and  this  trend  was 
observed  throughout  the  various  sampling  periods.  The  leans  for  the 
soil  solutions  at  16,  75.  150,  and  300  cm  depths  were  6.85,  6.81.  7.34, 
and  7.33  pH.  respectively.  There  was  a natural  increasing  pH  gradient 


tron  the  plot  well  to 


the  3 wells  along  the  transect.  However,  this 
natural  (i.e.,  pre1rr1gation)  data  could  have  resulted,  1n  the  case  of 
the  plot  well  data,  from  many  previous  gallons  of  irrigation  with  lake 
water  at  a pH  of  4.6.  It  the  true  background  pH  in  the  plot  well  were 
at  the  pH  of  the  other  wells  initially,  we  would  expect  a decreasing  pH 
effect  at  the  plot  well  water  table  which  was  already  artificially  lower 
Indeed,  the  preirrigation  pH  in  the  plot  well  was  5.67,  which  is  inter- 
wdiate  between  6.8  and  4.6.  The  wells  maintained  relatively  constant 
pH  levels  with  time.  However,  the  22  m well  showed  a constant  decrease 
from  13  hours  to  96  hours  thence  some  recovery  to  former  levels.  This 
followed  the  patterns  of  several  other  ions  indicating  some  mobility  of 
H as  it  decreased  the  pH  along  the  ion  gradient. 


Aluminum 

Aluminum  was  relatively  uniform  with  depth  in  the  pre-  and  post- 
irrigation  sanples  being  45.  28,  68,  and  47  ug/L  for  the  15,  75,  150, 
and  300  cm  depths,  respectively.  The  same  range  of  concentrations  were 
observed  in  the  lake  samples.  The  lake  itself  had  the  highest  AI  con- 
centration of  any  soil  or  well  solution  samples.  There  was  a general 
increase  in  Al  in  the  well  samples  with  time  postirrigation.  The  man 
concentrations  were  28,  39,  45,  and  53  pg/L  for  preirrigation,  I,  4, 
and  7 days  postirrigation,  respectively.  This  could  indicate  perhaps 
some  Al  movement  to  the  lake  with  tire. 


Electrical  conductivity 


Till!  determination  of  mean  ionic  ttrength  for  the  various  ions  in 
solution  confir«d  the  previous  observations  for  the  individual  elenents. 
Results  show  an  increasing  concentration  of  ions  with  depth  in  the 
natural  soil  solution.  As  the  acid  solutions  were  applied,  the  EC  at 
the  surface  depths  Increased  and  peaked  at  4a  hours  and  then  decreased. 

By  7 days.  Initial  conditions  were  being  reestablished.  The  means  after 
7 days  for  the  15,  75.  150,  and  300  cm  depths  were  117,  83,  103.  and 
M dS/cn.  respectively,  with  the  preirrigation  levels  being  67,  65. 

145,  and  111  dS/cn,  respectively.  The  means  over  the  profile  for  the 
preirrigation,  1,  2.  4,  and  7 days,  were  97.  99,  121,  107,  and  102  dS/cm, 
respectively.  The  48  hour  period  had  the  highest  activity  of  Ions  In 


There  was  a gradient  of  increasing  ionic  strength,  thus  ion  content, 
from  the  plot  well  to  the  lake  In  the  horizontal  direction.  This 
gradient  was  riainUined  throughout  the  14  days  although  the  gradient 
slope  changed  as  the  ions  moved  towards  the  lake  from  the  irrigation. 

The  minor  fluctuation  in  the  general  trend  was  that  the  plot  well  was 
slightly  higher  than  the  6 m well  (iumediately  below  the  boundary). 

This  could  again  be  the  effect  of  many  gallons  of  irrigation  having 
been  applied  to  the  plot  well  and  resulting  in  an  artificially  elevated 
do  suggest  that  there  was  indeed 
I time  to  the  near  lake  edge 
lually  increased  with  time  as  the 


Ionic  condition.  However,  the  EC 
region.  The  EC  In  the  plot  well  c 


n throughout  this  p< 


At  48  hi 
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was  a dUcsm1b1«  peak  1n  the  20  in  the  6 m well.  This  peak  or  wave 
occurred  in  the  16  n well  by  96  hours  and  also  the  22  n well . By  7 days, 
all  outside  plot  we11s  were  decreasing  in  £0  which  continued  to  U days, 
the  last  period  for  data.  This  was  also  the  case  for  the  well  located 
inland  from  the  plot  well.  The  plot  well  itself  continued  to  increase 
slowly  in  £0  over  the  14  day  period  which  showed  the  continuous  effect 
of  the  large  irrigation  rain  event  on  the  novement  of  ions  into  and 
through  the  water  table.  The  96  hour  period  was  the  period  of  greatest 
mbility  in  the  water  table.  This  indicated  a delayed  response  in  the 
flcvenient  of  ions  vis-2-vis  the  physical  manifestation  of  the  frontal 
wave.  This  delayed  response  corresponded  to  the  novement  of  the  cations, 
the  iodide  anion  having  moved  more  rapidly.  As  indicated  from  the  soil 
profile  studies,  the  cations  would  also  move  differentially  in  the  water 
table  with  an  overall  tendency  to  initially  reverse  the  ion  gradient, 
then  a reversion  to  the  normal.  This  was  clearly  Served  in  the  pre- 
irrigation,  24  hour  and  7 day  daU  for  the  16  , 75.  150,  and  300  cm 
depths.  The  magnitude  of  the  movement  of  the  ions  into  the  water  table 
and  along  the  well  transect  towards  the  lake  can  readily  be  seen  when 
the  average  postirrigation  data  for  14  days  for  each  ion  are  compared 
with  the  preirrigation  data  for  the  transect  wells  (Table  4.10).  The 
Ca,  Hg,  EC,  and  especially  K and  1 all  showed  elevated  concentrations 
postirrigation  in  the  plot,  6 m and  16  m wells  compared  with  the  pre- 
irrigation  concentrations.  In  the  more  distance  wells  from  the  plot 
well,  i.e.,  the  wells  nearer  the  lake,  the  reverse  trend  occurs  whereby 
a breakthrough  or  decreasing  of  the  ion  natural  gradient  was  occurring 
as  a result  of  the  dilution  effect  of  the  38  cm  irrigation.  This  was 
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seen  for  EC,  Ca,  Kg,  K,  and  I.  Except  for  I which  had  moved  more 
rapidly  through  the  system.  It  wcsjld  appear  that  the  cations  moved  to  a 
distance  Setween  the  16  and  22  m wells  or  a horizontal  distance  from 
the  plot  boundary  of  from  12  to  18  meters  In  the  14  days  for  a rate  of 
approximately  1 m/day. 

Ion  Mobility— Losses  and  Adsorption 

Ion  Net  Losses 

In  order  to  assess  the  magnitude  of  the  effects  of  the  acid  rain 
(H,  NOj-N,  and  SOj)  treatments,  the  background  or  control  lasses  must 
be  set  at  zero,  I.e.,  subtracted  from  the  treatments  3.0  and  3.7  pH. 

Then  the  estimates  of  ion  net  losses  can  be  made  past  the  two  depths 
of  15  and  75  cm. 

Although  the  ambient  rain  natural  to  the  site  was  lower  in  Ion 
concentrations  than  that  added  in  the  simulated  acid  rain,  there  was  a 
close  agreement  in  the  chemistry  of  simulated  rain  to  canopy  through- 
fall,  In  a forested  system,  the  throughfall  chemistry  front  a closed 
canopy  has  greater  implication  than  that  of  the  antilent  rain  (Tables 
2.2,  4.11). 

Field  experiment,  comparison  within  element 

Conparing  the  analytical  data  of  the  leachates  at  15  and  75  cm  depth 
in  the  plots  with  the  simulated  control  rain  provides  info 
movement  under  natural  conditions  (Table  4.12). 
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Tsb1e  4.11. 


from 


at  ttie  field 


HcCloud  Lake* 
leg/L  meq/L 


Ca  1.29  .064 

Mg  0.82  .067 

X 0.64  .016 

Na  3.12  .136 

NH4-9  0.20  .014 

NOj-N  0.044  .003 

H 0.022  ,022 

SO4  7.3  .152 

20,-2  0.003 

01  5.5  .155 

EC  (dS/cn)  43  .559 


'lake  water  used  1n  sinjiated  acid 
^Gainesville 

^near  tor  nixed  forest  canopy 


Ambient  Raln^ 
ng/L  neg/L 


rain 


Tbnwghfall^ 
ng/L  meg/L 

1.30  .065 

0.38  .031 

6.31  .162 

0.39  .017 

0.46  .032 

0.46  .033 

0.025  .025 

10.7  .223 

o.og 

1.56  .044 
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Table  4.12.  Loss  Of  Ions  from  15  and  75  cm  depths  1n  field  plots  after 
100  cm  irrigated  acid  rain  at  4.65  pK. 


hg/ha  ExlC’/ha*  kg/ha  ExlO^/ha 


Ion  input  in 
irrigated  acid 

kg/ha  ExlO^/ha 


Ca 

"9 


A1 


HOj-N 

Cl 


7.8 

16.7 

39.4 

0.46 

0.01 


72 

2.2 

62.6 


Oil 


1.76 

0.64 

0.43 

1.71 

O.OS 

0.01 

0.29 

1.60 

0.16 

1.76 


13.0  0.66 

8.3  0.68 

6.5  0.17 

31.5  1.37 

0.90  0.10 

0.22  0.22 

2.0  0.14 

73.6  1.63 

0.44  0.03 

55.5  1.56 

0.003 


•5  X 10^/ha  • equivalents  « loVhectare  or  Hloequivalents/hectare 


The  control  tfata  show  that  there  was  a unffonn  Toss  of  elements 
(kg/ta)  past  both  15  and  75  cm  for  Ca.  Kg,  K.  Na,  H.  Cl.  and  P.  For 
Al.  SO^,  NH^-N.  and  MOj-N,  this  was  not  the  case.  For  Kg.  Na,  and  Cl, 
the  loss  past  the  two  depths  appro«1mated  the  input  in  the  irrigation 


rain,  For  50^  and  Al , the  losses  past  the  IS  cm  equalled  the  input,  but 
at  75  cm,  the  loss  was  much  less,  indicating  adsorption  or  innobiliaation 
of  these  elements  with  depth.  For  K and  Ca,  the  loss  past  the  two  depths, 
though  uniform,  were  well  above  the  input  concentrations.  For  HH.-N  and 
NOj-N,  the  losses  increased  with  depth,  and  at  both  depths,  the  losses 
were  greater  than  the  input  concentrations.  This  indicated  microbial 
activity  causing  a natural  production  of  NO3-N  and  NH.-N  near  the  sur- 
face and  subsequent  movement  of  these  two  ions  to  depth.  Aluminum  data 


than  the  ion  input  concentrations,  meaning  that  there  was  adsorption  in 
the  0 to  75  cm  profile.  For  H.  the  input  concentration  was  cure  than 
20  times  the  losses  past  the  two  depths  indicating  almost  total  adsorp- 


Ca.lciun.  Calcium  net  loss  was  greatest  for  all  the  cations  (Table 
4.13).  The  3.0  pH  treatment  showed  the  greatest  loss  at  the  15  cm  depth 
(49  kg/ha)  with  75  cm  depth  showing  a loss  of  20  kg/ha.  This  indicated 
a reducing  loss  with  depth  and  a desorption  at  the  15  cm  depth  with  a 
readsorption  of  60  percent  of  that  amount  hy  75  cm.  The  3.7  pH  treat- 

01  and  12  kg/ha,  respectively). 

Tl'e  3.0  pH  treatment  showed  a decreasing  loss  of  Mg  with 
depth  (ID  and  7.5  kg/ha)  indicating  some  adsorption.  The  same  trend 
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2»g/ha).  The  magn 
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occurred  far  the  3.7  treatment  [2,5  and 
the  magnesium  Joss  was  greater  for  the  3.0  than  the  3.7  pH  treatments 

Potassium.  Potassium  loss  was  very  uniform  with  treatment  and  depth. 
The  75  cm  depth,  in  fact,  showed  potassium  losses  less  than  the  control 
for  both  treatments  indicating  a depletion. 

Sodium.  The  same  trend  followed  for  sodium  as  for  potassiusi.  There 
was.  however,  some  loss  of  sodium  from  the  15  cm  depth  indicating  some 
di splacement. 

Aluminum.  Aluminum  showed  the  greatest  percentage  differential 
depth  loss  of  all  the  elements  at  3.0  treatment  (13.5  vs  0.14  kg/ha). 

Thus  97  percent  of  the  soluble  A1  at  15  cm  was  inmobilized  by  75  cm 

0.14  mg/L.  respectively)  for  15  and  75  cm.  At  75  cm.  there  ms  a uni- 
form loss  of  Al  regardless  of  treatment  being  0.14  kg/ha.  Thus  much 
less  Al  was  removed  by  the  3.7  pH  than  by  the  3.0  pH  treatment. 

Hidroaen.  The  greatest  net  loss  of  H was  with  the  3.0  pH  treatment 
at  15  cm  depth.  All  other  losses  of  H were  very  low.  This  indicated 
the  great  ejchange  ability  of  H as  it  acted  in  its  Imeortant  role  in 
exchange  reactions.  Thus  treatment  had  little  effect  at  the  lower  pH 
and  lower  depth  in  the  Candler  sand. 

There  was  an  elevated  loss  (2.2  kg/ha)  of  NM.-N  from 
the  3.0  pH  treatment  at  15  cm.  There  was  little  loss  from  3.7  pH.  This 
indicated  microbial  conversion  however,  in  both  cases,  since  the  control 
itself  was  two  times  the  concentration  of  the  input  NH^-N.  The  control 
data  showed  that  NH^-N  accumulated  naturally  at  depth,  yet  the  treatments 
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showed  decreased  csncentrations  with  depth.  This  could  have  been  due 
to  exchange  by  other  elevated  cations  and  removal  of  the  MH.-N  to  below 
75  cm. 

Sul  fate.  Sulfate,  the  major  anion  1n  the  rain,  was  detected  In 
large  quantities  moving  past  both  15  and  75  cm  for  both  treatments.  The 
3.0  pH  treatment  showed  the  greatest  net  loss  as  would  be  expected,  the 
differential  loss  being  also  large,  indicating  adsorption  of  SO.  in  the 
15  5o  75  cm  depth.  When  compared  with  the  amount  added  [420  kg/ha), 

50t  and  241  were  lost  past  for  15  and  75  cm  depth,  respectively.  For 
3.7  treatment,  there  was  uniform  loss  past  15  and  75  cm  being  43  and 
40  kg/na,  respectively,  or  31  and  291,  respectively,  of  the  input  50^. 

Hi trate-W.  For  the  3.0  pH  treatment,  there  was  a 501  reduction  in 
the  NOj-N  concentration  between  these  two  depths.  In  addition,  these 
concentrations,  being  5.6  and  2.7  kg/ha,  respectively,  were  nich  below 
the  Input  concentration  of  20.4  kg/ha.  The  magnitude  of  the  reduction 
could  be  clearly  seen,  having  been  the  result  of  absorption  by  plant 
roots,  leaching  to  depth,  and  conversion  and  adsorption  by  soil  micro- 
organisms. For  the  3.7  pH  treatment,  there  was  little  net  NO^-N  detected 
moving  past  these  two  depths  indicating  little  residual  effect  of  this 
acid  treatment  when  compared  to  the  control . When  considering  that 
S.Q  kg/ha  of  NQ^-N  was  added  in  the  rain,  very  little  of  it  passed  the 
75  cm  depth.  Thus  at  IS  cm,  731  and  981  of  the  input  NO^-N  for  3.0  and 
3.7  pH  treatments,  respectively,  were  absorbed  or  converted.  The 
figures  for  75  cm  were  851  and  1001,  respectively. 

Chi  pride.  Chloride,  like  sodium,  was  greatly  elevated  in  the 
simulated  acid  rain  compared  with  the  ambient  rain.  The  mobility  of 
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tnts  element  could  readily  be  seen  Jn  the  rather  uniform  movement  with 
treatment  and  depth.  Elevated  quantities  of  chloride  were  detected  at 
the  15  cm  depths  for  all  treatments  when  compared  with  the  added  quanti- 
ties in  the  sirmjlated  acid  rain.  This  could  be  the  result  of  residual 
chloride  in  the  surface  depths  from  interim  irrigation  conditions  and 
also  amounts  of  chloride  from  the  ambient  interirrigatlon  rain  events. 

Phosphorus.  Very  low  quantities  of  phosphorus  were  detected  in  the 
15  and  75  cm  depths.  Nonetheless,  it  can  be  seen  that,  although  there 
was  little  difference  with  treatment,  there  was  slightly  more  P in  the 
15  than  the  75  cm  depth.  This  was  the  effect  of  desorption  of  P from 
the  soil  surface. 

ToUl  quantities  removed  of  the  11  parameters  from  the  15  cm  layer 
for  the  three  treatments  3.0,  3.7.  and  4.6  pH  were  584,  301,  and 
241  kg/ha,  respectively.  Those  for  the  75  cm  depths  were  360,  366.  and 
218  kg/ha,  respectively.  These  figures  represent  a 25  percent  reduction 
(conversion  or  adsorption)  of  these  elements  as  they  moved  from  the  15 
to  75  cm  depth.  Net  losses  for  3.0  pH  for  15  and  75  cm  were  343  and 
142  kg/ha.  respectively.  Net  losses  for  3.7  pH  for  these  two  depths 
were  60  and  48  kg/ha,  respectively.  Thus  loss  past  15  cm  was  5.7  times 
greater  for  3.0  pH  than  3.7  pH.  This  ratio  was  reduced  to  3.0  times  by 
75  cm  depth. 


from  a 1i 


the  field  experimental 


data,  Both  experiments  had  100  on  sinulated  acid  rain.  However,  un- 
1ifce  the  field  experiment  where  the  acid  rain  was  imposed  in  17  rain 
events  under  unsaturatsd  conditions,  the  laboratory  experiment  imposed 
the  100  on  total  rain  as  one  event  under  saturated  conditions  at  a fairly 
high  rate  of  application  under  consUnt  pressure  using  a perisultic 
pump.  Thus  there  were  fundamental  differences.  However,  for  a labora- 
toTy  experiment  to  be  of  practical  value  in  assessing  a large  nutter  of 
soils  for  the  effect  of  acid  rain  and  simulating  natural  conditions, 
the  method  must  be  relatively  simple,  reproducible,  and  rapid. 

The  data  showed  that  there  was  not  a uniform  loss  of  elements 
(hg/ha)  past  the  IS  and  75  cm  depths  for  the  control  except  for  nitrate 
which  was  in  relatively  low  concentration  in  the  acid  rain.  At  IS  cm. 
only  Na  and  NOj-N  approximated  the  input  concentrations  and  only  NOj-N 
at  the  75  cm  depth.  Adsorption  with  depth  was  indicated  for  Ng,  K,  Al. 

H,  and  SOj.  A desorption  or  increase  in  75  cm  over  IS  cm  depth  was  noted 
for  Ca  and  Cl,  The  data  for  net  losses  (treatment  minus  control)  showed 
that  there  was  a net  loss  (kg/ha)  for  all  elements  for  both  15  and  75  cm 
depths  (Table  4.14). 

Upon  setting  the  control  data  at  zero,  and  thus  nullifying  differen- 
tial adsorption  and  desorption  phenomena  with  depth  and  among  ions, 
there  was  an  overall  net  loss  of  each  ion  at  each  of  the  IS  and  75  cm 
depths  for  the  treatments  3.7  and  3.0  pH  (Table  4.15). 

Calcium.  There  was  a uniform  loss  of  Ca  from  the  15  and  75  cm  depth 
for  the  3.7  pH  treatment  indicating  uniform  displacement  with  depth  (10 
and  9 kg/ha,  respectively).  However,  for  the  3.0  treatment,  more  Ca  was 
lost  past  the  75  on  depth  than  past  the  15  cm  depth,  indicating  greater 
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Table  4.15.  Loss  Of  1ors  from  15  and  75  cm  soH  colons  after 
100  cn  applied  add  rain  for  three  treatments. 
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ilisplacement  with  depth  under  more  acid  conditions  of  this  elanent. 

The  loss  by  the  3.0  treatment  was  3.5  tires  that  for  the  3.7  treatment 
at  15  cm  and  5.6  tires  at  75  cm  depth. 

Magnesium.  For  the  3.7  pH,  there  was  slightly  more  loss  past  the 
75  than  the  15  cm  depth  (S.O  and  4.7,  respectively)  indicating  a 
desorption  process.  Magnesium  loss  by  the  3.0  pH  treatment  was  approxi- 
mately 1.7  tires  that  lost  by  the  3.7  treatment  for  both  depths,  showing 
a uniform  loss  of  Mg  with  depth  for  both  treatments. 

Potassium.  There  was  little  net  loss  of  K past  the  15  cm  depth 
for  either  of  the  treatment  3.7  and  3.0  pH.  However,  there  was  increased 
loss  past  the  75  cm  depth  and  uniformly  so  with  treatment.  The  loss  was 
small  being  only  1.3  tires  that  for  the  control  on  average.  Thus, 
although  there  was  greater  net  loss  of  X with  depth,  the  loss  was  rela- 
tively small. 

Ml!!!!-  There  was  approximately  a uniform  loss  of  Na  in  the  15  cm 
depth  over  treatment.  There  was  a proportionally  larger  loss  past  the 
75  cm  depth  for  the  3.0  treatment,  indicating  a displacement  of  the 
sodium  in  the  soil  at  depth  by  the  most  acid  treatment,  3.0  pH. 

Aluminum,  large  net  amounts  of  A1  moved  past  the  15  cm  depth  for 
both  treatments  3.0  and  3.7  pH,  being  55  and  10  kg/ha,  respectively. 

There  was  a much  lower  loss  past  the  75  cm  depth  for  these  two  treat- 
ments, being  25  and  1 kg/ha,  nespectively.  This  suggested  readsorption 
or  precipitation  of  the  displaced  A1  with  depth,  the  adsorption  for  3.0 
and  3.7  being  55*  and  921.  respectively. 

Hydroaen.  The  same  trend  occurred  for  H as  for  Al,  except  that 
the  magnitude  of  loss  and  readsorption  with  treatment  was  much  less. 
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Adsorption  «1th  depth  MSS  44X  for  3.0  pH  and  751  for  3.7  pH,  respec- 
tively. 

Sulfate.  Sulfate,  the  major  added  ion  in  the  acid  rain,  was 
dominant  in  the  soil  solution  as  it  passed  both  the  25  and  75  on  soil 
depth.  The  net  quantity  of  sulfate  passing  the  IS  cm  depth  was  greater 
than  that  passing  the  75  cm  depth  indicating  net  adsorption  with  depth 
for  all  treatments.  Wien  comparing  the  two  treatments,  3.0  and  3.7  pH, 
the  largest  quantity  of  sulfate  passed  the  15  cm  at  3.0  treatment  and 
the  lowest  quantity  of  sulfate  passed  the  75  cm  at  the  3.7  treatment. 
Adsorption  at  75  cm  compared  to  IS  cm  was  51*  for  3.0  pH  and  561  for 
3.7  pH. 


Total  quantities  removed  of  the  9 major  parameters  from  the  15  cm 
layer  for  the  three  treatments  3.0,  3.7,  and  4,6  pH  were  657.  307,  and 
182  kg/ha,  respectively.  Those  for  the  75  cm  depth  were  520,  299.  and 
194  kg/ha.  respectively.  Net  losses  at  15  cm  for  3.0  and  3 7 pH 
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treatnent  were  475  and  125  kg/ha,  respectively.  At  75  cm.  Me  net  losses 
wre  326  and  105  kg/ha,  respectively.  The  lover  the  pH  treatment  and 
Me  closer  to  Me  surface.  Me  greater  the  net  loss  of  ions. 


Field  eeperiaient.  comparison  ai 


In  order  to  assess  Me  relative  losses  of  the  major  nutrient  Ions 
plus  K and  Al  Ions  from  the  field  and  column  soil  systems,  a conversion 
to  the  eguivalent  basis  must  be  nade  from  kg/ha  to  equivalents  per 
hectare  {E  x lO^/ha). 

IS  on,  pH  3.0  treatment.  Among  Me  cations,  Ca  was  lost  in  greatest 
quantities  wiM  K showing  very  low  net  losses.  Among  Me  anions,  50. 
was  Oy  far  the  element  of  greatest  net  loss  from  Me  system,  also  being 
Me  major  added  ion.  Phosphorus  was  least  affected  by  the  treatments. 

The  orders  of  decreasing  net  losses  were 

Element  Ca  Al  Mg  H K SO.  NO.-N  P 


E X lO'^/l 


2.46  1.50  0.S5  O.Ol 


5.29  0.40 


kg/ha  49.2  13.5  10.3  O.OS  0 254  5.6 

15  cm,  pH  3.7  treatment.  The  greatest  net  loss  was  with  Ca 
Potassium  showed  Me  lowest  net  loss  for  Me  cations.  For  ( 

SO,  showed  the  greatest  net  loss.  The  orders  of  decreasing 


0.01 


I anions. 


greatest 

quantity. 


■ pH  3.0  treatment.  Among  tl 
et  quantities.  For  the  anioi 


la  was  again  lost  In 
ost  In  greatest  net 


I SH 


Element 


E X 10^/ha  0.46  0-41  0.09  0.04  0.03  0.58  0.31 

kg/ha  9.2  5.0  0.8  0.04  1.2  36  4.3 

Cation  lots  compared  to  the  CEO 

Uie  aistributlon  of  the  Ca.  Hg,  K,  and  Na  on  the  exchange  sites 
expressed  as  kg/ha  was  43.9.  14.8.  18.2,  and  5.9,  respectively  (Table 
4.16]  for  a total  of  62.8  kg/ha.  Uhen  converted  to  an  equivalent  ba«1s 
(E  X lOvha),  the  cation  distribution  was  2.19,  1.22,  0.47,  and  0.26, 
respectively,  for  a total  of  4.14  E x 10^/ha.  The  distribution  was  53. 
30,  11,  and  6 percent  for  Ca,  Kg.  K.  and  Na,  respectively,  of  the  base 
exchange  complex.  Since  the  total  CEC  was  87.2  E x lO^/ha,  these  four 
cations  occupied  4.7  percent  of  the  CEC. 

Cation  loss— calcium.  Of  the  three  major  plant  growth  cations  in 
the  system,  Ca  showed  the  greatest  variation  In  loss  for  the  three  treat* 
tents  (Table  4.17).  For  the  15  cm  depth,  the  3-0  treatment  removed 
77  percent  of  the  Ca  on  the  exchange  sites,  while  the  3.7  treatment 
removed  32  percent,  and  the  4,6  treatment  (control)  removed  only  13  per- 
cent. These  corresponded  to  1.69.  0.70,  and  0.28  E x 10^/ha,  respec- 
tively. For  the  75  cm  depth,  the  order  of  decreasing  loss  remained  the 
same,  but  the  magnitude  was  greater. 

Cation  loss— magnesium.  Hagneslum  was  the  second  major  cation  tost 
readily  lost  from  the  soil.  For  the  15  cm  depth,  the  removal  for  the 
treatments  3.0,  3.7,  and  control  were  63.  51,  and  30  percent,  respec- 
tively. These  corresponded  to  0.77,  0.62.  and  0.37  E x 10^/ha,  respec- 
tively. The  range  was  relatively  narrow.  For  the  75  cm  depth,  there  was 
a lower  loss  compared  with  the  15  cm  depth. 


Talile  4-16.  Distribution  of  cations  on  the  exchange  sites  at  0 to 
15  cm  depth. 


kg/ha  E X 10^/ha 

Ca  43,9  2.19 
^ 14.8  1,22 
X 18.2  0.47 


Percent  of 
base  saturation 


11.4 


Total 


82.8 
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TabTe  4.17.  Reduction  In  the  base  saturation  after  100  cm  acid 
rain  for  three  treatments  at  two  soil  depths. 


•222. 

Cation  1o5S— potassium.  Potassium  showed  the  snallest  variation 
in  loss  over  treatment  and  the  smallest  magnitude  of  loss  of  the  three 
major  plant  nutrients  as  cations.  For  Che  15  cm  depth,  for  3.0.  3.7, 
and  control,  the  percentage  loss  was  35,  34,  and  34.  respectively.  The 
corresponding  equivalence  figures  were  0.16,  O.IS,  and  0.15  E x 10^/ha, 
respectively.  For  the  75  cm  depth,  there  was  a lower  loss  of  K and  a 
slight  widening  of  the  loss  with  treatment. 

Tom  loss  of  Ca.  Wo.  and  < from  the  base  saturation.  The  total 
loss  at  IS  cm  of  the  three  cations  for  treatments  3.0,  3.7,  and  control 
were  63.  36,  and  21  percent,  respectively,  of  the  total  amount  present 
initially  for  these  three  cations.  When  considering  that  Ka  also  in- 
cluded 6.2  percent  of  the  base  saturation,  then  the  loss  of  these  three 
cations  Ca,  Hg,  and  K,  for  the  three  treatments  3.0,  3.7,  and  control, 
constituted  59,  34,  and  20  percent  of  the  base  saturation  at  the  15  cm 
depth.  These  losses  converted  to  49,  28,  and  15  kg/ha  or  2.42,  1.37, 
and  O.Sl  E X 10^/ha.  Since  the  distribution  of  the  cations  on  the  ex- 
change conqilex  at  75  cm  were  at  the  sane  initial  percentages,  the  per- 
centage losses  for  3.0,  3.7,  and  control  were  39,  19,  and  11  percent, 
respectively,  of  the  base  saturation.  Thus  the  cation  losses  from  75  cn 
were  a lower  percentage  of  the  total  base  saturation  than  the  losses 
from  the  15  cn  depth. 

Total  loss  of  Ca.  Ho.  and  K from  the  total  exchanoe.  The  total 
CEC  of  this  soil  for  15  cm  depth  was  3.41  me/lOO  g or  87.2  £ x 10^/ha 
(Table  4.18).  This  corresponded  to  about  1744  kg/ha  for  Ca,  »g.  K,  Na. 
H,  and  A1 . Since  the  total  cation  loss  for  3.0,  3.7,  and  control  treat- 
ments was  2.42,  1.39,  and  0.81  E x 10^/ha, 


respectively,  the  net  change 
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Table  4. IS. 


from  the  cation  exchange  conplex 


Loss  of  Ca,  Hg,  and  K 
at  two  so11  depths 


Depth 

cm 

exchange 
capacity 
E X lO^/ha 

“h 

E x^loW 

X 

of 

CEC 

IS 

87.2 

3.0 

2.42 

2.78 

4.6 

0.81 

0.91 

75 

271.2 

3.0 

4. IS 

1.53 

4.6 

1.23 

0.20 
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if  the  CEC  remained  static  would  be  a 2.2,  1.6,  and  0.9  percent  reduction 
in  the  base  saturation.  For  the  75  cm  depth,  the  three  treatments  would 
reduce  the  base  saturation  by  only  about  SO  percent  of  these  amounts. 

Depletion  of  eichanaeable  cations  in  the  soil  by  acid  treatment. 

Soil  samples  were  talten  in  February  and  August  and  represented  the  pre- 
and  postsamples  of  the  acid  rain  treatments  In  the  field  experiment. 

The  preirrigation  samples  showed  uniform  guantilies  of  exchangeable 
cations  (Ca,  Hg,  K)  on  the  exchange  sites  (Table  4.19).  For  the  three 
transects  of  three  plots  each,  the  total  cations  equalled  2.53,  2.53, 
and  2.51  £ x lO^/ha  for  the  15  cm  depth  for  control,  3.7,  and  3.0  pH, 
respectively.  For  the  15  to  75  cm  depth,  the  corresponding  quantities  of 
ions  on  the  exchange  sites  were  3.73,  3.69,  and  3.87  E x 10^/ha.  This 
showed  uniformity  in  cation  balance  among  plot  soils.  After  the  100  cm 
of  acid  rain  treatments  were  imposed  on  the  soil , the  quantities  of 
cations  on  the  exchange  sites  at  the  15  cm  depth,  for  the  control,  pH 
3.7,  and  pH  3.0  were  3.50,  2.69,  and  1.84  E x 10^/ha,  respectively. 

This  clearly  showed  a decrease  in  exchangeable  cations  in  the  soil  with 
decreased  pH  of  the  treaonents.  Howver,  there  was  the  reverse  trend  of 
increased  loss  of  cations  in  the  soil  leachate  (removed  in  the  17  acid 
rain  treatments  imposed  during  March-July  period)  with  decreasing  treat- 
ment pH.  The  losses  for  control,  pH  3.7,  and  pH  3.0  were  2.83,  3.50, 
and  6.13  E X loVha,  respectively. 

If  there  were  only  exchangeable  cations  and  not  any  additional 
losses  of  cations  (for  example,  by  weathering  processes),  the  loss  of 
cations  from  the  soil  exchange  sites  should  closely  approximate  the  loss 
via  the  soil  leachau.  For  the  3.7  treatment  at  the  IS  cm  depth,  the 
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net  loss  In  the  soil  wes  Q.Bl  E x lOVha.  The  soil  leachate  loss  was 
0.67  E X ID^/ha.  This  would  indicate  mostly  exchangeaOle  losses,  For 
the  3.0  treatment,  the  loss  from  the  soil  was  1.66  E x lO^/ha,  but  the 
loss  in  the  soil  leachate  was  3.30  E x 10^/ha.  There  were  obviously 
cation  losses  over  time  above  those  from  the  immediate  exchange  sites. 
These  were  not  additional  input  cations  under  from  natural  sources  such 
as  the  rain  since  these  figures  are  net  (treatment  minus  control)  re- 
sults. Thus  the  cation  loss  of  1.66  E x 10^/ha  In  the  soil  was  a reflec- 
tion of  only  50  percent  of  the  actual  loss  over  tine  under  natural 
conditions,  and  is  an  indication  of  the  reolenishing  cation  capacity  of 
the  soil  which  countered  the  depleting  effects  of  the  3.0  pH  treatment. 
The  leachate  loss  was  thus  a truer  indicator  of  cation  loss  than  was  the 
soil  decrease  in  exchangeable  cations.  The  former  was  the  sun  of  many 
short-term  irrigation  pulses,  whereas  the  latter  was  a post-experiment 
determination  which  allowed  for  the  long-term  tnterpulse  establishment 
of  cation  equilibrium  conditions. 

For  the  75  cm  depth,  there  were  increased  losses  of  0.66  and 
1.56  X E X lO^/ha  in  the  soil  leachates  for  3.7  and  3.0  pH  treatxents, 
respectively.  However,  the  postirrigation  soil  samples  also  showed 
increased  cation  concentrations,  not  corresponding  losses  as  with  the 
15  cm  depth.  These  increases  were  0.9B  and  0.58  £ x lO^/ha,  respectively. 
This  indicated  adsorption  of  removed  cations  from  the  0-15  cm  depth  which 
masked  any  tendency  for  a decrease  in  soil  cations  due  to  removal  by 
H in  this  15-75  cm  soil  region.  The  overall  effect  was  an  Increase 
of  0.32  E X ID^/ha  in  the  25-75  cm  depth  resulting  from  the  3.7  treat- 
ment. Thus,  the  100  cm  of  3.7  pH  acid  rain  removed  cations  to  below  the 
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75  cm  depth,  but  also  increased  the  available  cation  supply  in  the  soil 
in  the  15-75  cm  depth,  i.e.,  increased  the  base  saturation.  For  the 
3.0  treatment,  despite  the  countering  readsorption  effects,  there  was 
a net  loss  of  cations  in  the  soil  from  the  15-75  cm  depth  of 
D.9S  E X IQ^/ha.  The  100  cm  of  3.0  pH  acid  rain  moved  below  75  cm 
three  times  the  amount  of  cations  as  the  3.7  pH  treatment  and  increased 
the  base  saturation  only  half  as  much.  Thus  both  treatments  were  clearly 
moving  cations  into  the  15-75  cm  depth  range  and  removing  50  percent  of 
the  3.0  pH  treatment  ions  and  100  percent  of  the  3.7  pH  treatment  Ions 
below  75  an  and  out  of  the  range  of  both  shallow  and  deep  rooted  plants. 

Decrease  in  soil  pH  bv  acid  treatment.  The  preirrigation  soil  pHs 
for  the  three  treatment  transects  {averaged  over  the  three  plots  per 
transect)  in  the  field  were  very  similar  on  the  horizontal  plane  for 
each  depth.  However,  on  the  vertical  plane,  there  ms  a natural  decrease 
with  depth. 

For  the  0-15  cm  depth,  the  preirrigation  pHs  for  the  soils  in  the 
three  treatment  transacts  4.6  (control),  3.7,  and  3.0  pH  were  4.83, 

4.87.  end  4.83  pH,  respectively,  for  an  average  of  4.84.  Corresponding 
figures  for  the  15-75  cm  depth  were  4.53,  4.57,  and  4, eg  pH.  respec- 
tively, for  an  average  of  4.60  pH.  The  decrease  with  depth  from  0-15 
to  15-75  cm  was  0.24  pH  units. 

The  postirrigation  soli  pHs  for  the  three  transects  did  show  a 
slight  decrease  in  pH  with  Increasing  acid  treatment  for  both  depths. 

For  the  0-15  cm  depth,  the  postirrigation  soil  pHs  for  the  treatments 
4.6,  3.7,  and  3.0  pH  were  5.0,  4.83,  and  4.63  pH,  respectively.  Cor- 
responding figures  for  the  15-75  cm  depth  were  4.73.  4.63,  and  4.53 
pH.  respectively. 


TKu5,  based  on  tbe  control,  the  3.7  pH  treatment  decreased  the 
soil  pH  In  the  0-15  and  lS-75  cm  depths  by  0.2  and  0.1  pH  units,  respec- 
tively. The  3.0  pH  treatment  decreased  the  soil  pH  in  the  0-15  and 
15-75  cm  depth  by  O.a  and  0.2  pH  units,  respectively.  Thus  both  treat- 
ments reduced  the  soil  pH.  the  3.0  pH  treatment  having  the  greaUr 
effect.  There  was  noted  a natural  rise  in  soil  pH  over  the  irrigation 
period,  probably  due  to  seasonal  fluctuation. 

Hast  aalance  and  Ion  Losses  with  Depth 

Hhen  the  data  in  kg/ha  are  converted  to  E x lO^/ha,  the  mass 
balance  can  be  readily  assessed.  Table  4.20  shows  the  mass  balance 
figures  for  the  column  experiment  for  the  three  treatments  the  corres- 
ponding data  for  the  field  experiment.  Included  in  the  cation  balance 
were  Ca,  Hg,  K,  Na,  A1 , and  H.  Included  in  the  anion  balance  were  SO,, 
HOj-N,  P,  and  Cl.  The  percent  difference  for  cation:anion  losses  com- 
pared to  the  total  loss  was  3.5  percent  for  the  column  experiment  and 
12.2  for  the  field  experiment. 

Column  experiment  (Table  4.20) 

For  the  control,  there  was  a uniform  movement  of  total  ions  past 
both  15  and  75  cm  depth  (6.11  and  5.17  E x 10^/ha.  respectively).  Al- 
though the  individual  ions  moved  differentially  in  response  to  the 
4.65  pH  (control)  treatment  past  these  two  depths,  an  overall  balance 
was  maintained  and  an  overall  adsorption  trend  was  not  detected. 

For  the  pH  3.7  treatment,  there  was  a slight  imbalance  of  the  total 
A net  adsorption  of  1.45  £ x 10^/ha 
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occurred  In  the  15-75  cm  depth  compared  uith  the  0-15  cm  depth  (being 
9.01  and  10,95  E > 10^/ha,  respectively).  The  3.7  treatment  caused  an 
Increased  loss  of  cations  of  2.33  E x lO^ha  compared  with  the  control 
for  the  IS  cm  depth.  However,  a portion  of  this  Toss  was  readsorbed  in 
the  IS  to  75  cm  depth. 

For  the  3.0  treatment,  much  higher  losses  occurred  for  both  depths, 
totalling  24.20  and  19.41  E X 10^/ha,  respectively.  There  was  not  only 
a further  large  loss  of  cations,  but  there  was  also  a redistribution  of 
the  ions  In  the  15  to  75  cm  depth  resulting  In  an  overall  adsorption  of 
21  percent  of  the  Ions  passing  the  15  cm  depth. 

Field  experiment 

The  field  experiment  showed  similar  trends  on  the  mass  balance  and 
losses  Kith  Increasing  soil  acidity  at  depth.  However,  the  field  control 
data  showed  elevated  losses  of  ions  when  compared  with  the  column  control 
data.  This  could  be  explained  as  natural  additions  In  the  field  from 
rainfall,  throughfall,  Htterfall,  etc.,  that  were  continually  being 
added  to  the  soil  over  the  six  month  period  of  the  field  experiment. 

In  addition,  the  incremental  additions  of  rainfall  in  the  field 
with  the  resulting  postirrigation  readjustments  in  egulHbrium  plus  the 
water  flux  patterns  for  the  soil  for  5 cm  rainfall  would  tend  to  retain 
nora  Ions  In  the  upper  soil  region  under  these  unsaturated  conditions. 
These  somewhat  opposing  phenomena  resulted  In  elevated  losses  coaytared 
with  the  column  control  data,  but  decreased  losses  with  acid  treatments 

compared  with  the  column  data. 
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Fsr  the  control,  7.99  and  7.10  E i 10^/ha  of  Ions  moved  to  the 
IS  and  7S  cm  depth,  respectively,  which  were  slightly  elevated  above  the 
column  control  losses.  For  the  3.7  treatment,  the  losses  at  the  IS  and 
7S  cm  depths  were  9.89  and  9.19  E > loVha,  respectively.  The  adsorp- 
tion in  Che  IS  and  7S  on  depths  for  the  control  and  3.7  treatments  of 
the  quantities  that  passed  the  IS  on  depth  were  similar,  being  0.S9  and 
0,60  E a IQvha,  respectively.  However,  the  overall  losses  past  IS  and 
75  cm  for  the  3.7  treatment  were  slightly  less  for  the  field  experiment 
than  for  the  corresponding  75  cm  column  experiment.  This  Indicated  good 
agreement  between  the  field  and  column  experiments  for  the  two  depths 
for  the  3.7  pH  treatment. 

For  the  3.0  treatment  for  the  15  and  75  cm  depth,  IB. SB  and  11.93 
£ X lOvha,  respectively,  were  lost.  Hhen  compared  with  the  column 
experiments,  the  IS  cm  depth  showed  a 21  percent  decrease  in  ion  loss 
and  the  7S  cm  depth  showed  a 33  percent  ion  loss,  despite  the  additions 
of  ions  under  natural  conditions  in  the  field.  This  indicated  the 
modifying  forces  in  the  field  conditions  that  tend  to  retain  at  depth 
the  mobilized  ions  from  the  surface  soil  region  when  ccnpared  with  the 
loss  of  ions  from  a column  study. 


'S  field 


When  comparing  colunvi  versus  field  data,  the  3.0  column  treatment 
removed  slightly  more  ions  than  the  3.0  field  treatment  at  the  15  cm 
depth.  This  was  more  pronounced  at  the  75  cm  depth.  This  indicated 
that  the  column  experiment  was  better  correlated  with  the  field  experiment 


-233- 


for  the  15  cm  than  the  75  m depth  for  the  3.0  treatment  when  the  ele- 
mental loss  is  enpressed  on  a kg/ha  basis. 

When  comparing  the  3.7  pH  treatments,  the  data  showed  that  there 
was  good  agreement  between  the  field  and  columr  results  regarding  ele- 
mental losses  below  the  15  cm  depths  (314  »s  297  kg/ha)  and  75  cm  depth 
(265  vs  263  kg/ha),  respectively. 

For  the  control  data,  the  column  loss  was  less  than  the  field  loss. 
This  could  be  explained  by  the  fact  that  small  continual  additions  were 
being  made  to  the  soil  under  natural  field  conditions  during  the  irri- 
gation period  of  6 months,  whereas  the  column  experiments  were  conducted 
under  closed  conditions. 

There  was  an  overall  uniform  movement  of  cations  with  depth  for  the 
three  treatments.  For  3.0,  these  movements  of  ions  for  the  15  and  75  cm 
d^th  were  158  and  149  kg/ha  for  the  columr,  64  and  76  kg/ha  for  the 
3.7  column  treatment,  and  56  and  57  kg/ha  for  the  control  expressed  as 
kg/ha.  For  the  field  data,  the  mc.emeht  af  ions  past  these  two  depths 
for  the  three  treatments  were  174  and  126,  115  and  114,  and  99  and 
99  kg/ha,  respectively. 

Sunning  all  treatments  indicated  that  for  the  15  cm  depth,  both 
field  and  columi  experiments  had  approximately  the  same  elemental  loss 
(1152  and  1111  kg/ha,  respectively),  For  the  75  cm  depth,  the  elemental 
loss  vas  968  and  822  kg/ha.  respectively. 

The  field  loss  past  the  15  cm  depth  for  the  3.0  treatment  was  78 
percent  of  the  coluni  loss.  For  the  75  cm  depth,  the  field  loss  was  66 
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nt.  the  field  loss  past  the  15  cm  depth  was 
91  percent  that  of  the  column.  For  the  75  cm  depth,  the  field  loss  was 
102  percent  that  of  the  column  loss.  There  was  mch  better  agreement 
between  the  column  and  field  data  for  both  depths  in  the  case  of  the 
3.7  treatment  than  the  3.0  treatment.  For  the  control,  the  field  experi 
ment  showed  a movement  past  the  15  cm  depth  of  130  percent  that  of  the 
column  experiment.  For  the  75  on  depth,  the  field  experiment  showed  a 
movement  of  119  percent  that  of  the  column  experiment.  This  elevated 
movement  in  the  field  compared  to  the  column  could  very  well  be  due  to 
the  interirrigation  additions  of  the  ions  that  occurred  naturally  in 
the  rain  and  throughfall  and  weathering  processes. 

Summing  over  treatment  (3.0,  3.7.  and  4.6),  and  conparing  eolurti 
vs  field,  for  the  15  cm  depth,  the  field  loss  was  89  percent  that  of 
the  column.  For  the  75  cm  depth,  the  field  loss  was  82  percent  that  of 
the  column  experinent. 


The  net  adsorption  (treatment  minus  control)  for  the  column  15  to 
75  cm  depth  for  3.0  pH  treatment  was  5.32  E x 10^/ha  and  for  the  field 
pH  3.0  treatment  was  6.12  E x 10^/ha.  This  was  very  good  agreement 
indicating  again  the  value  of  net  calculations.  For  the  3.7  pH  treat- 
ment, the  column  and  field  net  adsorption  for  the  IS  to  75  cm  depth 
were  1.96  and  0.13  E x 10^/ha,  respectively.  For  the  cations  only,  the 
adsorption  in  the  15  to  75  cm  depth  at  3.0  pH  for  column  and  field  were 
2.68  and  2.81  E « lO^/ha.  respectively,  and  very  low  for  the  3.7  treat- 
ment. The  field  study  was  comparative  to  the  colunr.  laboratory  study 
in  some  cases  both  for  a description  and  magnitude  of  ion  balance  and 


was  more  descriptive 
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quantUative.  Descriptive  coTparisons  of  ion  balance  and  losses  witii 
depth  and  treatment  ivere  similar  for  the  field  and  laboratory  studies. 
Quantitative  adsorption  with  depth  was  16  percent  overall  for  coiunn 
and  22  percent  overall  for  field. 

Hobilitv  and  Adsorption 
Sulfate 

Sulfate  was  the  major  anion  added  in  the  acid  rain  treatments.  The 
control  treatment  (4.65  pH)  contained  1.54  E x lO^/ha,  the  3.7  pH  treat- 
ment 2.89  E X 10^/ha.  and  the  3.0  pH  treatment  8.76  E x 10^/ha  (Table 
4.21). 

Colutm.  For  the  control  at  15  cm,  0.37  E x 10^/ba  were  adsorbed 
or  24  percent  of  that  added  in  the  rain  to  the  soil  surface.  This  cor- 
responded to  17.7  kg/ha.  For  the  3,7  treatment,  0.41  E x 10^/ha  were 
adsorbed  (19.6  kg/ha)  or  14.2  percent  of  that  added  in  the  acid  rain. 

For  the  3.0  treatment,  0.54  E x 10^/ha  were  adsorbed  (25.8  kg/ha)  or 
6.2  percent  of  that  added  in  the  acid  rain. 

For  the  75  cm  depth,  a much  higher  proportion  of  the  sulfate  was 
adsorbed  indicating  increased  adsorption  in  the  Candler  soil  with  depth. 
For  the  control  treatment,  0.54  E x lO^a  (27.5  kg/ha)  were  adsorbed 
or  35  percent  of  the  amount  of  sulfate  added  to  the  soil  in  the  acid 
rain.  For  the  3.7  treatment,  1.14  E x 10^/ha  (54.8  kg/ha)  were  ed- 

3.0  treatment,  4.09  E x 10^/ha  were  adsorbed  (196.5  kg/ha)  or  46.7  per- 
cent of  that  added  in  the  acid  rain. 
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For  the  15  cm  depth,  there  was  a decreasirg  percentage  of  sulfate 
adsorption  as  the  pH  decreased  and  sulfate  concentration  increased.  For 
Che  75  cm  depth,  the  reverse  trend  occurred.  Thus  for  low  concentra- 
tions (4.65  pH)  of  sulfate  additions  in  the  rain  to  the  Candler  soil, 
the  0 to  15  cm  depth  adsorbed  31  percent  of  the  amount  that  was  adsorbed 
in  the  0 to  75  cm  depth.  As  the  rain  pH  decreased,  sulfate  concentra- 
tion increased  and  the  15  to  75  cm  depth  became  more  instrumental  in 
sulfate  adsorption,  adsorbing  64  percent  of  the  total  sulfate  adsorbed 
in  the  0 to  75  cm  depth  for  the  3.7  treatment,  and  87  percent  of  the 
total  sulfate  adsorbed  for  the  3.0  treatment.  However,  more  than  50  per- 
cent of  the  edded  sulfate  had  moved  below  the  75  cm  depth  for  all 
treatments.  In  the  case  of  the  3.0  treatment,  this  corresponded  to 
223.5  kg  sulfate  moving  in  the  percolating  soil  solution.  Considering 
the  very  Tow  exchange  capacities  with  depth,  it  is  not  unreasonable  to 
conclude  that  the  sulfate  could  move  to  much  greater  depths  before  it 
is  totally  adsorbed.  In  fact,  a soil  75  cm  in  depth  corresponded  to  a 
concentric  ring  of  land  around  the  lake  which  extended  5.76  (19')  from 
the  edge  of  the  lake  and  which  would  be  contributing  the  described 
amounts  of  sulfate,  Al,  and  other  cations  to  the  water  Uble.  Water 
flux  data  from  another  part  of  the  field  experiment  (see  Chapter  4,  the 
first  and  second  parts  of  the  third  section)  showed  that  the  vertical 
flow  to  the  water  table  and  the  horizontal  movement  of  ions  in  the 
mounded  wave  moved  rapidly  towards  the  lake. 

Field.  For  the  control  at  15  on.  0.04  E x 10^/ha  (or  2.0  kg/ha) 
were  adsorbed  or  3 percent  of  that  added  in  the  rain.  For  the  3.7 
treatment,  0.49  £ x 10^/ha  (23.6  kg/ha)  were  adsorbed  or  17  percent  of 
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the  amount  added  in  the  rain.  For  the  3.0  tneatnent,  1,96  E * 10^/ha 
(94.0  kg/ha)  were  adsorbed  or  22  percent  of  the  amount  added  1n  the  rain. 

For  the  75  cm  depth,  a much  higher  proportion  of  the  sulfate  was 
adsorbed  indicating  increased  50^  adsorption  with  depth.  For  the  con- 
trol. 0.61  E X loVha  (29,3  kg/ha)  were  adsorbed  or  39.6  percent  of  that 
added  in  the  rain.  For  the  3.7  treatment,  1,14  E x lO^/ha  (54.9  kg/ha) 
were  adsorbed  or  39.4  percent  of  that  added  in  the  rain.  For  the  3.0 
treatment,  5.72  (274  kg/ha)  were  adsorbed  or  65.4  percent  of  that  added 
in  the  rain. 


field  at  75 
treatment  w. 


.field.  Sulfate  adsorption  in  the  field  experiment  si 
as  the  coTunii  experiment.  The  percent  adsorption  in 


n for  the  control  was  39,6  (35.1  for  column],  for  the  3.7 
39.5  (39.4  for  the  column),  and  for  the  3.0  was  65.4 
(46.7  for  the  column).  Thus  both  column  and  field  study  compared  well 
in  the  magnitude  of  sulfate  adsorption.  For  the  15  cm  depth,  the  cor- 
responding field  (colunrn)  data  were  24.0  (3.3)  for  control.  14.2  (17.0) 
for  3.7,  and  6.2  (22.4)  for  3.0  pH  treatments,  respectively. 

The  figures  for  net  sulfate  adsorption  (Table  4.22)  showed  that 
mich  more  adsorption  occurred  in  the  field  than  in  the  colums  (1.92  vs 
0.17  E X loVa,  respectively)  at  the  15  cm  depth  for  the  pH  3.0  treat- 
ment. Although  both  field  and  column  had  the  same  input  of  sulfate,  the 
pulsing  of  the  rain  in  5 cm  intervals  resulted  in  more  adsorption  due 
soil.  The  hydraulic  character- 
later  moved  to  the  15  cm  depth 
adsorbed  during  this  time  of 
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constani  »iead  moved  the  sulfate  below  the  15  cm  depth  and  adsorption 
occurred  at  a greater  depth,  Thus  the  water  flaw  characteristics  and 
rate  of  application  influence  the  depth  of  sulfate  adsorption  more  than 
the  actual  differential  [or  uniformity)  in  adsotTitive  capacity  of  the 
soil  with  depth.  The  same  trend  occurred  for  the  75  cm  depth.  Here, 
the  magnitude  of  adsorption  was  much  greater  (5.11  for  field  and 
3.55  E X 10^/ha,  respectively,  for  column).  However,  the  magnitude  of 
difference  between  the  coluim  and  field  remained  the  same  for  each  depth, 
being  1.75  E x 10^/ha  for  15  cm  depth  and  1.56  I x 10^/ha  for  75  cm 
depth.  The  net  adsorption  in  the  15  to  75  cm  depth  for  the  column  and 
field  were  3.36  and  3.19  E x loVha  indicating  similar  net  adsorption 
of  SO,, 

For  the  column  and  Field  for  3.7  pH,  there  was  uniform  net  adsorp- 
tion at  0.6D  and  0.53  E x 10^/ha,  respectively,  for  the  75  cm  depth. 

For  the  15  cm  depth,  the  net  adsorption  was  0.04  and  0.45  E x 10^/ha  for 
the  column  and  field,  respectively.  The  net  adsorption  in  the  15  to 
75  cm  depth  for  column  and  field  were  0.56  and  O.UB  E x loVha,  respec- 
tively. Thus,  for  the  3.7  pH  treatment,  although  the  total  SO,  adsorbed 
In  the  0-75  cm  depth  was  similar  for  column  and  field,  the  adsorption  in 
the  profile  differed  with  depth,  similarly  for  3.0  pH  treatment. 


in  the  3.0  colunr  there  was  little  evidence  of  nitrate  adsorption, 
expecially  at  the  75  cm  depth  vdiere  98.7  percent  of  the  added  nitrate 
was  recovered  in  the  leachate.  At  the  lb  cm  depth,  there  was  a loss  of 
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loss  by  anion  exchange  in  the  organic  top  layer  of  soil  1n  the  coluim. 
However,  the  field  data  showed  that  the  15  and  75  cm  depth  adsorbed 
63  and  65  percent,  respectively,  of  the  nitrate  added  in  the  acid  rain. 
This  was  despite  the  amounts  that  would  be  expected  to  occur  as  added 
nitrate  from  the  ambient  rainfall  and  throughfall  and  windblown  materials 
The  net  loss  could  very  well  be  due  merely  to  uptake  by  tree  and  plant 
roots  and  conversion  and  utilitatlon  by  soil  microorganisms. 

For  the  3.7  treatment  at  the  75  cm  depth  for  the  column,  there  was 
94  percent  recovery  of  the  nitrate.  However,  the  percentage  recovery 
of  the  nitrate  in  the  15  cm  depth  was  50  percent,  although  the  adsorbed 
amount  was  very  close  to  that  of  the  3.0  treatment.  This  would  indicate 

less  of  the  Mount  added  in  excess,  the  soil  adsorbing  0.19  and 
0.21  E X 10^/ha  in  the  column,  for  3.0  and  3.7  treatment,  respectively. 
However,  rather  than  being  true  adsorption,  the  organisms  present  could 
also  be  utiliaing  the  nitrate  or  converting  it,  even  though  the  colunm 
extractions  were  completed  in  about  48  hours.  The  column  data  did 
show  that  with  time  there  was  a period  of  denitrification. 

For  Che  control,  there  was  essentially  no  adsorption  of  nitrate 
(Table  4.21).  In  the  field,  more  nitrate  was  found  than  was  actually 
applied  in  the  rain.  This  Indicated  that  there  was  nitrate  accumula- 
tion, especially  at  depth  probably  due  to  microbial  activity.  In  fact, 
more  than  twice  the  amount  of  added  nitrate  was  found  at  the  75  cm  depth 
(i.e.,  0.23  vs  0.10  E x lo^/ha  addedj. 
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Hyaroqen 

For  the  pH  3.0  acid  rain,  1 ne/L  or  10  E * 10^/ha  or  H*  was  added 
to  the  soil  surface  in  the  100  cm  acid  rain.  In  the  15  cm  depth  in  the 
colunii,  9.2  E j 10^/ha  or  92  percent  was  adsorbed.  At  the  75  cm  depth, 
95.5  percent  was  adsorbed.  In  the  field,  98.5  percent  was  adsorbed  at 
IS  cm  and  99.9  percent  at  75  cn,  However,  there  was  enough  of  a dif- 
ferential in  adsorption  to  show  a narked  difference  in  pH  of  the  soil 
solutions  between  field  and  column,  the  column  leachates  being  lower  in 
pH  than  the  field  leachates. 

For  3.7  pH  in  the  column,  85  percent  of  H*  was  adsorbed  in  15  oa 
and  94  percent  by  75  cm  depth.  The  corresponding  figures  for  the  field 
were  98.5  and  99.5  percent,  respectively.  AHnough  there  was  less  H 
adsorbed  (as  percent)  by  the  pH  3.7  treatment  at  15  cm  compared  to  the 
3.0  pH  treatment,  the  soil  solution  was  not  more  acidic  since  there 
was  correspondingly  less  H added  in  the  pH  3.7  treatment,  the  differen- 
tial being  5.7  times  less  H.  At  pH  4.6  (control  treatment),  the  per- 
cent recoveries  were  even  lower.  However,  again,  there  was  essentially 
so  little  H In  solution  that  the  pH  was  well  above  the  treatments. 

in  sunmary,  sulfate  was  freely  adsorbed,  the  mechanism  apparently 
more  dependent  on  hydraulic  characteristics  and  rate  of  rain  applica- 
tion than  adsorptive  capacity  of  the  soil . The  dynamics  of  nitrate 
conversions,  utiliaation  and  slight  possible  adsorption,  as  well  as 
accumulation  with  depth,  make  the  results  on  nitrate  adsorption  to  be 
inconclusive.  Adsorption  was  probably  minimal  frm  the  data.  Hydrogen 

was  highly  adsorbed  and  acted  as  the  major  replacing  cation  in  an  acid 
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rain  system.  Net  H adsorbed  for  the  field  and  column  were  in  close 
agreement  {Table  4.12).  At  IS  cm  for  the  3.0  treatment,  the  field  and 
column  adsorbed  9.63  and  9.11  E x lO^/ha.  respectively.  For  3.7  treat- 
ment. the  corresponding  figures  were  1.74  and  1.61  E x 10^/ha,  respec- 
tively. At  75  cm,  for  3.0  pH,  the  net  adsorption  in  the  field  and 
colusm  were  9-76  and  9.40  E x 10^/ha,  respectively.  For  the  3.7  pH, 
the  corresponding  adsorption  figures  were  1.76  and  1.73  £ x 10^/ha, 
respectively. 

Hydrooen  adsorption  and  cation  balance 

The  major  cation  in  both  treatments  3.7  and  3.0  pH  acid  rain  treat- 
ments was  hydrogen.  At  3.0  pH.  hydrogen  dominated  the  total  of  all 
other  input  cations  by  almost  four  times.  These  other  cations  in  the 
acid  rain  existed  as  background  cations  from  the  lake  water  that  was 
used  as  an  irrigation  source.  The  difference  in  the  input  H and  the 
output  H would  be  an  estiaau  of  the  H adsorption.  Likewise,  the  dif- 
ference in  the  input  and  output  values  for  each  of  the  cations  would  be 
an  estimate  of  the  displacement  of  these  ions,  presunably  by  the 
dominant  H ion  In  the  system.  Thus,  the  sum  of  the  cations  lost  from 
the  15  and  75  cm  depth  would  be  an  estimate  of  the  H (E  x loVha) 
adsorbed  in  their  displacement.  That  sum  subtracted  from  the  total  H 
adsorbed  would  be  an  estimate  of  the  hydrogen  adsorbed  by  other  sites 
{e.g.,  organic  matter)  plus  the  readsorption  of  a portion  of  the 
cations  (e.g.,  Al),  prior  to  the  respective  15  and  75  cm  depths. 

Column,  For  the  control  treatment  at  both  15  and  75  cm  depths, 
the  net  cation  output  was  aero  (Table  4.23).  This  indicated  that  there 
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MS  no  net  loss  of  cetions  in  excess  of  Che  inpiit  cations  in  the  acid 
rain.  The  K added  in  the  acid  rain  control  at  pH  4.65  MS  very  low 
quantity  and  the  overall  effect  was  minimal. 

For  the  3.7  treatment,  the  H loss  past  the  15  cm  depth  was 
0.30  E X 10^/ha  for  an  adsorption  of  1.7  E x 10^/ha  or  85  percent  of 
the  N added.  The  loss  of  cations  Ms  in  excess  of  that  amount  due 
mostly  to  the  loss  of  A1  as  the  pH  of  the  soil  decreased  from  the  effect 
of  the  acid  rain.  For  the  75  cm  depth,  the  H*  adsorption  had  increased 
to  1.88  E X 10^/ha  or  94  percent  of  the  added  H in  the  acid  rain.  The 
loss  of  cations  past  the  75  cm  depth  was  1.09  E x lOVha. 

For  the  pH  3.0  treatment  for  IS  cm  depth,  the  adsorbed  H ms 
9.2  E X 10^/ha  or  92  percent  of  the  added  H in  the  acid  rain  of 
10  E X 10^/ha.  The  net  cations  lost  were  8.65  E x lOVha  or  94  percent 
of  the  hydrogen  adsorbed.  The  difference  (0.55  E x 10^/ha)  of  adsorbed 
H was  possibly  in  the  organic  natter  phase.  For  the  75  cm  depth. 

9.55  E X ID^/ha  were  adsorbed  or  95.5  percent  of  the  H added  in  the 
acid  rain.  The  cation  adsorption  was  6.34  E x 10^/ha  or  66  percent  of 
the  adsorbed  H.  The  difference  3.22  E x 10^/ha  could  be  H adsorbed  by 
other  sites  in  the  soil , readsorption  or  precipitation  of  cations  in 
this  soil  region,  or  microorganism  reactions.  The  Ca  and  A1  were  the 
dominant  cations  exchanged  by  the  H*  in  the  3.0  and  3.7  treatments. 

For  the  3.0  treatment,  the  difference  in  the  A1  lost  at  the  15  and 
75  cm  depth  was  3.51  E x 10^/ha  which  corresponded  well  with  the  im- 
balance in  the  Hication  exchanges  of  3.22  x 10^/ha.  Thus  the  iomobiliza- 
tion  of  Al  in  the  15  to  75  cm  depth  accounted  for  excess  K and  thus  it 
appeared  that  very  little  K was  lost  or  adsorbed  in  nonexohange  reactions 
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such  as  absorption  by  the  organic  ratter  sites,  for  the  3.7  treatment, 
A1  iimobiliaation  of  1.21  £ x 10^/ha  in  the  15  to  75  cn  depth  also 
accounted  for  any  nonexchange  H losses.  Even  for  the  control,  A1  im- 
npbilizatlon  mas  0.14  E x 10^/ha  In  the  15-75  cm  depth  which  accounted 
for  the  K intalance  {nonexchange  reactions)  of  D.06  E x IQ^/ha. 

Field.  A similar  approach  comparing  the  mass  balance  between  H 
adsorption  and  cation  loss  for  the  field  showed  similar  data  (Table 
4.24).  At  the  15  cm  depth  for  3.0  pH  treatment,  the  net  difference 
between  the  H and  the  cations  was  1.98  6 x 10^/ha  indicating  a negative 
balance  for  cations,  for  the  75  cm  depth,  there  was  a net  difference  of 
5.33  E X 10^/ha  between  the  H adsorbed  and  the  toul  cation  loss.  How- 
ever, adsorption  of  cations  in  the  15  to  75  cm  depth  was  3.29  E x lO^ha 
with  Ca  and  A1  composing  89  percent  of  the  adsorption.  Thus  the  sum  of 
cation  loss  plus  cation  adsorption  equalled  6.64  E x ID^/ha.  The  total 
cation  loss  at  15  cm  was  also  6.64  showing  the  good  agreement  resulting 
from  the  analytical  data  for  the  coTums  for  these  two  depths.  Ket  H 
adsorption  for  the  two  depths  15  cn  and  75  cm  were  8.62  and  8.68 
E X lO^ha,  respectively.  Thus  for  the  3.0  treatment  there  was  a 
25  percent  deficit  in  cation  loss  unaccounted  for  corpared  to  the  ad- 
sorbed H. 

For  the  3.7  treatment  for  the  field  data,  the  15  cm  net  cation  loss 
was  2.72  E X 10^/ha  and  that  for  the  75  cn  depth  was  2.52  E x loVha 
with  the  difference  of  0.20  E x 10^/ha  accounted  for  in  adsorption  of 
the  cations.  The  H adsorption  for  the  two  depths  were  1.96  and 
1.96  E X 10^/ha,  respectively,  showing  a slight  excess  of  cations 
possibly  added  from  extraneous  sources. 
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Aluimmin  nobility 

Table  4.29  snows  the  mobility  of  aluminum  In  Che  Candler  Typic 
Quartzipsanment  moving  past  the  two  depths  15  and  75  cm  after  treatment 
of  100  cm  acid  rain  at  three  pH  levels  (3.0.  3.7,  end  4.6).  All  three 
treatments  moved  A1  past  both  depths  in  the  column  study.  The  field 
study  showed  the  same  trend  and  it  is  clear  that  A1  is  continually 
being  lost  below  these  depths  even  during  natural  rain  events. 

In  the  colums,  0.33  E < iO^/ha  was  removed  from  the  0-19  cm  depth 
by  the  control  treatment.  This  corresponded  to  0.032  mg/L  In  the  soil 
solution.  The  3.7  treatment  removed  1.49  E x lO^ha  froti  the  0-15  cm 
depth,  which  was  4.5  times  the  amount  removed  by  the  control  rain  at  pH 
4.65,  and  corresponded  to  0.15  mg/l.  The  3.0  treatment  removed  6.43 
E X loVha  which  corresponded  to  0.64  mg/L  or  about  20  times  the  amount 
removed  by  the  control . 

Less  A1  roved  from  the  soil  at  75  cm  than  from  the  IS  cm  depth  for 
all  treatments.  The  A!  removed  from  the  upper  0-16  cm  layer  of  soil 
was  obviously  partially  iniDbillzed  in  the  IS  to  75  cm  region  of  the 
profile.  For  4.6  pH  treatment  0.19  E x 10^/ha  was  removed  below  75  cm 
lAich  was  an  adsorption  of  42  percent  of  the  A!  that  moved  past  15  cm. 
The  3.7  treatment  moved  0.28  E x 10^/fia  past  75  cm  for  a much  higher 
percentage  (81  percent)  of  that  roved  past  the  IS  cm  depth.  In  the  case 
of  the  3.0  treatment,  a large  amount,  2.92  E x 10^/ha  moved  below  75  cm 
depth  which  was  45  percent  of  that  moved  past  the  15  cm  depth.  This 
Indicated  that  the  3.0  pH  treatment  removed  large  quantities  of  A1  from 
the  0 to  IS  cm  depth  and  the  Candler  soil  inirobllized  55  percent  of  this 
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Table  4.25.  Aluninum  mobility  and 
capacity  after  100  cm 
treatnentc. 

its  relationship  to  cation  exchange 
1 irrigated  acid  rain  for  three 

Cation  Acid 

eicHanpe  rain 

Depth  £ X lO^ha  ^pH 

Aluminum  j 

loss  of 

E X 104/ha  kg/ha  CEC 

15  87.2  3.0 

6-43  57.9  7.37 

3.7 

1«  13.4  1.71 

4.5 

0.33  3.0  0.38 

75  271.2  3.D 

2-92  26.3  l.OB 

3.7 

0.28  2.5  0.10 

4.6 

0-19  1.7  O.07 
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soluble  A1  by  75  on  depth.  However,  1t  fs  inportent  to  note  that  45  per- 
cent did  move  past  the  75  cn  depth  and  thus  to  the  water  table  in  the 
zone  near  the  lake. 

In  order  to  put  into  perspective  the  magnitude  of  the  Al  eobility, 
a direct  comparison  can  be  made  with  the  CEC.  The  Candler  soil  has  a 
low  cation  exchange  capacity  In  the  surface  15  cm  of  3.97  mE/100  g and 
in  the  surface  75  cm  of  2.27  mE/100  g.  Thus  the  CEC  decreases  with 
depth.  The  base  saturation  is  also  very  low,  being  2.77  and  2.54  per- 
cent for  the  surface  15  and  surface  75  cm.  respectively. 

The  3.0  pH  treatment  at  15  cm  removed  5.43  E x lO^ha  which  repre- 

at  75  cm.  3.7  pH  at  IS  and  75  cm  were  1.1,  1.7,  and  0.1  percent, 
respectively.  Since  AT  comprises  about  96  percent  of  the  CEC,  only  a 
small  fraction  of  the  total  AT  had  been  removed  at  these  two  depths 
(Table  4.25). 


Ion  Net  Los5:Co1umn  vs  Field 

One  of  the  considerations  for  conducting  laboratory  column  and 
field  irrigations  of  acid  rain  was  to  assess  whether  there  would  be 
any  agreement  or  correlation  of  data  for  these  two  approaches  idiich 
would  be  of  practical  value  in  assessing  ion  mobility.  Basically,  the 
field  experiment  applied  intermittent  rain  to  unsaturated  soil  under 
natural  conditions  where  additions  from  ambient  rain,  throughfall, 
microbial  action,  etc.,  were  free  to  proceed.  Thus  the  rain  was  pulsed 
onto  the  soil  which  allowed  for  drying  and  more  inportantly.  Incomplete 


for  equil 
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to  be  reestebHshed.  The  colunn  acid  rain  Has  applied  over  a short 
period  of  time  under  saturated  conditions  In  controlled  closed  environ- 


logical  and  opposing  processes  that  take  place  under  field  conditions. 
Natural  additions  of  ions  from  rain,  throughfall  and  stenflow,  leaves, 
soil,  animals,  microorganisms,  wind,  erosion,  and  weathering  all  add 
nutrients  to  the  soil.  However,  adding  rain  at  relatively  low  inter- 
mittent quantities  does  not  allow  for  the  renoval  of  these  additions, 
especially  at  depth,  since  less  than  the  applied  amounts  of  rain  eove 
to  depth  and  in  a decreasing  manner.  It  is  thus  not  unreasonable  to 
conclude  that  certain  conibinatlons  of  depth,  rate  of  application,  time 
of  sainpling,  depth  of  sampling,  amount  of  rain  applied,  and  soil  charac- 
teristics unique  to  each  soil  will  more  closely  approximate  a set  of 
equally  specific  lab  conditions.  Both  the  field  and  colum  studies  were 
conducted  with  these  in  mind,  choosing  the  most  reasonable  practical 
combination  of  parameters  from  both  laboratory  and  field  considerations. 

The  results  agree  according  to  the  elemental  or  nutrient  parameters 
chosen  for  comparison.  Considering  the  mass  balance  or  sum  of  cations 
and  anions  on  a kg/ha  or  E x 10^/ha  basis,  several  conclusions  can  be 
drawn.  In  1981,  the  application  rate  was  2.5  cm/hr  for  a total  of 
50  cm  rain,  for  1982,  the  same  rate  was  used  but  the  duration  of  rain 
event  was  for  two  hours,  totalling  100  cm  rain.  Subsequent  flux 
experimental  data  indicated  the  differential  movement  of  water  in  the 
Typlc  Ouarttipsanment  for  these  two  quantities  of  applied  rain.  In 
addition,  nature  contro 
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1982  Mas  an  exceptionally  wt  year.  Thus  we  have  a low  application 
amount  per  event  in  a dry  year  as  opposed  to  a larger  application  amount 
per  event  in  a wet  year.  We  would  expect  differences  to  occur  in  the 
total  quantities  of  ions  iioved  beyond  15  and  75  cm  depths. 

Coin)arison5  can  be  made  using  data  for  total  quantities  lost  for 
the  treatments  or  for  net  amounts  lot  {treatment  minus  control).  These 
conearisons  give  different  interpretations  if  considering  the  treatment 
alone.  It  is  more  reasonable  to  consider  net  loss  by  nullifying  control 
(natural ) conditions  that  occurred  for  the  two  years. 

For  the  field  data,  since  1981  samples  were  not  as  extensively 
analyzed  as  1982.  only  the  main  nutrient  ions  will  be  compared.  They 
are  the  sum  of  the  Ca.  Mg,  K.  SO^,  and  NOj-N.  Also,  only  pH  3.7  treat- 
ment was  applied  in  1981,  thus  only  this  treatment  will  be  considered. 

For  the  column,  the  sum  of  ions  in  kg/ha  moving  past  the  15  cm 
depth  was  97  kg/ha  (Table  4.26).  The  corresponding  loss  for  1981  at  the 
15  cm  depth  was  85  kg/ha  and  for  1982  was  55  kg/ha.  This  indicated  that 
the  1981  data  for  lower  amount  of  added  rainfall  agreed  better  with  the 
column  data  at  15  cm  depth.  The  1981  field  experiment  mobilized  88  per- 
cent of  the  major  nutrient  ions  which  were  mobilized  by  the  colurni 
experiment.  This  can  be  explained  since  1981  had  application  anunts 
of  2.5  cm  per  irrigation  event.  The  water  flux  diagrams  showed  that  the 
volumetric  wetting  water  front  only  increased  appreciably  In  the  0-15  cm 
depth  while  the  soil  was  draining.  Thus  the  ions  that  had  been 
mobilized  in  the  0 to  15  cm  depth  moved  in  a much  restricted  water 
column  below  about  20  cm  to  the  75  cm  depth  and  below.  This  would  re- 
strict the  capacity  of  the  water  column  to  move  the  ions  to  louer  depths. 
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TaOle  4.26.  Conparfson  for  two  years  of  net  ior  loss  for  two  treatnents 
at  two  depths. 


Field 

29S2 

Column 


-E»107ha-  — »g/ha ExlOVha- 

86  27  2.26  1.08 


176  131  5 


Adjusted 


ion  loss*“ 


Adjusted  net  ion  loss*" 


26  5 69  7.88  3.26  83  19  2.20  0.74 

182  70  5.68  2.52 


186  135  6.02  4.73  54  42 

132  93  4.41  3.48 


1.24 


•Ca.  Hg,  K,  SO,,  and  NOj-N 
*•3.7  treatment  minus  4.6  treatment  (control) 
•••total  ion  loss  x factor  in  Table  4.5 
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1.*.,  to  75  cn.  Thus  a higher  proportion  of  the  mobilized  tons  would 
rare  past  15  or  but  correspondingly  less  past  75  cm. 

For  the  column,  the  sum  of  Ions  moving  past  75  cm  depth  was  56  kg/ha. 
For  the  field  at  75  cm  depth,  the  ion  loss  for  1981  was  27  kg/ha  and 
for  1982,  the  loss  was  49  kg/ha.  Thus  the  1982  data  compared  better 
with  the  column  data  for  loss  past  75  cn  (56  kg/ha)  than  the  1981  field 
data  (27  kg/ha).  By  coincidence,  the  1982  field  loss  was  38  percent  of 
the  column  loss  past  75  cm.  This  again  can  be  partly  explained  merely 
by  the  nature  of  the  water  flux  characteristics  for  2.5  and  5 cn  rain. 

The  5.0  cn  rain  moved  the  high  volumetric  water  content  to  just  past  the 
75  cm  depth.  Thus  the  ions  mobilized  in  the  0 to  15  cn  depth  were  free 
to  readily  be  carried  to  greater  depths  due  to  the  lower  tension  exerted, 
and  the  eguilibriun  forces  imposed.  Thus  there  was  correspondingly  none 
ion  mobility  past  the  15  cm  depth  and  thus  on  past  the  75  cn  depth. 

The  ion  concentrations  were  slightly  higher  In  the  1981  soil  solu- 
tions than  the  1982  soil  solutions,  again  the  result  of  drier  soil  con- 
ditions and  lower  amounU  of  rein  in  the  rainfall  events  applied. 

When  converting  the  kg/ha  data  to  E x 10^/ha,  the  corresponding 
loss  past  15  cm  depth  for  1981  was  $6  percent  of  the  column  experiment. 

For  the  75  cn  depth,  the  corresponding  losses  for  1982  were  77  percent 
that  of  the  column  experinent.  Thus  whether  considering  quantity  (kg) 
or  equivalent  losses,  the  same  conclusions  can  be  drawn. 

A further  adjustment  was  made  to  the  field  data  since  less  than 
IK  percent  of  the  applied  rain  moved  past  these  two  depths  (Table  3.4J. 

correspondingly  lower  net  ion 


Tally  in  the  75  cm  depth  vri 


CHAPTER  5 
CONCLUSIONS 

lOT  Hoveront 

Tile  tmo  treatments  3.0  pH  and  3.7  pH  did  not  affect  the  soil  ions 
in  the  same  manner,  i.e.,  each  ion  was  unique  in  its  response  to  the 
acid  rain  treatments.  These  differences  oere  seen  in  time  response, 
e.g..  Mg  was  more  rapid  in  response  to  acid  rain  than  Ca;  magnitude  of 

Ca  was  removed  in  greeter  quantities  than  Hg;  uniformity 

of  response,  e.g.,  K was  steadily  leached  throughout  the  irrigation 
period  whereas  Ca  and  Mg  were  leached  early  in  the  irrigations  and  de- 
creased with  additions  of  acid  rain.  Potassium  also  showed  rapid  re- 
supply characteristics,  fast  recovery  after  a rain  event,  and  little 
treatment  affect  and  depth  effect. 

There  wre  also  differences  in  the  effects  manifested  between  the 
treatments.  The  3.0  pH  treatment  had  a greater  ion  leaching  effect  than 
the  3.7  pH.  However,  the  effects  were  not  uniform  for  all  parameters, 
e.g.,  there  were  large  treatment  differences  for  Ca  and  Kg,  but  little 
differences  for  NH^-N  and  h.  with  A1  showing  very  large  differences  in 
mobiliaatlon  by  the  treatments. 

There  were  also  treatment  differences  when  considering  the  valence 
of  the  mohilited  cations,  e.g.,  for  the  divalent  cations  Ca**  and  Hg**, 
the  treatment  differences  were  tmjch  greater  than  for  K*.  whereas  for  the 
Al^*  the  treatment  differences  were  very 
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The  treatment  differences  were  also  clearly  evident  «1tti  depth, 
e-9.,  the  divalent  cations  removed  at  the  15  cm  depth  were  partially 
adsorbed  by  75  cm  depth.  For  the  trivalent  Al,  there  was  a much  higher 
readsorption  percentage  with  depth,  while  for  K depth  had  little  effect. 

The  Ion  fronts  could  be  observed  as  they  moved  to  depth  with  time.  Mag- 
nesium was  especially  mobile  in  this  regard.  The  fronts  for  Ca  and  Mg 
were  clearly  decreasing  by  the  end  of  100  cm  application  even  for  the 
3.0  pK  treatment.  This  Indicated  that  maximum  leaching  of  these  elonents 
had  occurred  before  the  100  cm  had  been  reached  and  that  an  equilibrium 
was  being  established  under  the  new  conditions.  However,  the  fronts 
moved  differentially  with  time  depending  on  the  element.  In  addition, 

A1  was  still  Increasing  at  the  end  of  the  irrigation  experiment  being 
the  ion  that  was  slowest  In  response,  but  of  greatest  magnitude  in 
response.  In  contrast,  A1  In  the  75  cm  depth  was  much  less  mobile 
regarding  treatment  showing  the  linnobilljation  of  A1  with  depth  and  its 
dependence  on  another  Ion,  H.  Hydrogen  was  likewise  Increasing  pre- 
cipitously even  at  the  end  of  the  100  cm  acid  rain  treatments,  for  both 
the  treatments  3.0  pH  and  3.7  pH.  Hydrogen  displayed  adsorption  plateaus 
indicating  replacement  of  cation.  Thus,  some  ions  were  affected  directly 
by  the  acid  rain  and  some  were  dependent  on  other  soil  chemistry  dynamics 
to  occur  before  mobility  was  affected.  The  higher  the  H concentration 

acid  treatments.  The  soil  dynamics  had  to  be  changed  to  cause  a mobiliza- 
tion. This  was  a pH  response  which  occurred  abruptly,  but  only  at  the 
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the  great  mobllltj'  of  A1  amf  its  entry  into  soil  solution  in  large 
quantities.  Howeuer.  It  also  showed  the  great  cat>acity  of  the  soil  to 
imnobilite  A1  and  H.  Thus,  if  only  the  dynamics  of  soil  A1  were  observed 
at  the  soil  surface,  there  would  be  some  concern  for  detrimental  effects. 
This  indeed  might  be  actually  true  in  regard  to  plant  root  effects  and 
toxic  concentrations.  However,  when  considering  the  overall  effects  of 
acid  rain  on  aquatic  systems  in  proximity  to  soil,  the  concern  is  much 
less  (except  for  the  soil  in  close  proximity  to  the  lake  or  stream 
systems  which  could  indeed  contribute  A1  to  the  water  catchnents). 

In  the  case  of  NH^-N,  there  was  indeed  some  enhancement  in  the 
upper  depth.  This  ion  was  in  low  concentration  in  the  rain  and  showed 
sone  increase,  probably  due  to  conversion  of  the  NOj-N  and  to  microbial 

Nitrate  was  very  dynamic  in  the  soil  showing  great  mobility,  the 
losses  mainly  due  to  plant  uptake  and  microorganisms,  conversion  to 
aimnonium-N,  and  accumulation  at  depth. 

The  mass  ion  movements  and  dynamics  of  ion  mobility  appeared  to  be 
related  to  hydrogen.  As  hydrogen  was  continually  adsorbed  in  the  ini- 
tial irrigations  and  column  studies,  the  other  cations  were  leached. 

Once  these  cations  decreased  in  quantity  on  the  exchange  sites,  hydrogen 
began  to  increase  In  soil  solution  passing  the  15  and  75  cm  depths,  as 
manifested  in  lowering  soil  pH  levels,  whereby  Al  finally  was  mobiliaed 
and  its  concentration  increased  along  with  the  H.  However,  these  two 
ions  also  were  iimobilized  with  depth.  It  is.  therefore,  likely  that  at 
some  depth  in  the  soli  the  effects  of  these  two  acid  rain  treatments 
would  be  unobservable.  This  depth  would  vary  with  element,  and  all 
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e<)iii1ibriijii  <ts[>ths  would  depend  on  the  quantity  of  rain  and  pH  of  the 
rain.  If  the  water  table  were  encountered  before  this  equilibrium  depth 
were  reached,  then  there  could  be  horizontal  Ion  effects  on  aquatic 
systems  as  the  Ions  mo«ed  Into  these  reglmes- 

comiarison  between  two  years  (which  varied  In  amount  of  rainfall 
added)  and  the  background  yearly  Input  showed  that  for  some  elements, 
e.g..  NOj-N,  Ca,  Kg.  there  were  no  effects  and  for  others  there  were 
yearly  differences,  e.g.,  SO,.  Curve  shape  and  wlthln-curve  undulations 
also  varied  with  element  but  were  similar  over  years.  The  controls 
showed  little  variation.  This  indicated  that  the  acid  treatments  had 
shocked  the  soli  and  set  in  motion  very  Interesting  Internal  adjust- 
ments with  the  soil  tending  to  re-establish  equilibrium  conditions  with 
time.  After  100  cm  acid  rain,  the  soil  was  still  adsorbing  66  percent 
of  the  ion  activity  in  the  Input  rain.  Equilibrium  conditions  were 
established  In  the  columns  showing  that  columns  can  be  used  to  show  the 
dynamics  of  Ion  movement  and  that  the  Candler  soil  established  equilib- 
rium conditions  well  before  100  cm  acid  rain  for  the  3.0  and  3.7  pH 
treatments.  The  same  trends  for  Ion  mobility  occurred  for  all  treat- 
ments for  both  depths,  varying  only  In  magnitude  and  time,  and  not 
sequence  of  Ion  removal.  However,  the  lower  depth  showed  a modifying 
effect. 


Ion  Adsorption 

Data  for  both  field  and  column  showed  adsorption  to  be  occurring 
for  most  of  the  Ions.  The  major  anions  added  In  acid  rain  were  SO,  and 
NOj-N.  The  SO,  was  greatly  adsorbed  and  affected  the  movement  of  the 
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cations  as  it  formed  an  anion  bridge.  Indeed,  SO^  was  adsorbed  in- 
creasingly witb  depth  which  retarded  cation  nevenent  and  indirectly 
assisted  in  alleviating  the  leaching  effects  of  acid  precipitation.  A 
moving  front  of  50^  could  also  be  observed  with  depth.  The  50^  at  75  cm 
depth  for  3.0  pH  treatment  exhibited  two  adsorption  troughs  as  this  ion 
attempted  to  establish  breakthrough  conditions.  There  was  an  initial 
adsorption  followed  by  increased  amounts  in  the  leachate  as  the  other 
cations  were  also  being  replaced  from  the  soil  and  entering  soil  solution. 

also  decreased  in  concentration  as  adsorption  commenced  again.  As  the 
H and  A1  then  increased  dramatically  in  the  leachate,  the  SO^  again 
also  increased  and  finally  established  breakthrough  (i.e.,  output  • 
input).  The  adsorption  curves  for  H and  SO.  coincided  in  shape.  Phos- 
phorus was  leached  by  the  acid  rain  with  limiobilization  occurring  by 

The  H and  SO.  adsorption  countered  the  increase  in  cation  concentrations. 
The  extents  of  SO^  adsorption  for  field  and  colunsi  at  0-75  cm  were 
similar  being  37  and  39  percent  for  3.0  and  3.7  pH  treatments,  respec- 
tively. However,  there  was  variation  with  field  versus  colum  for  the 
3.0  pH  treatment  at  the  0-15  cm  depth  due  to  differences  in  water  flow 
characteristics  resulting  from  dissimilar  application  systems.  However, 
very  similar  net  adsorptions  occurred  in  the  15-75  cm  depth  (mean  of 
3.29  E X 10^/ha  or  15B  kg/ha  50^  or  38  percent  of  the  amount  applied 
in  the  acid  rain).  For  the  3.7  pH  treatment,  similar  net  adsorption 

depth  for  the  3.0  and  3.7  pH  treatments  were  49  and  20  percent, 
respectively  of  that  added  in  the  acid  rain. 


Nitrate-N  showed  great  variation  betwen  field  and  column.  Con- 
sidering the  dynamics  of  nitrogen  under  field  conditions  conoared  to 
closed  column  system,  Che  disagreement  between  field  and  column  was  not 
surprising.  No  adsorption  of  nitrate  was  observed  to  occur  in  the  column, 
but  was  observed  in  the  field  experiment  as  a considerable  loss,  As 
timch  as  79  percent  of  that  added  was  lost  in  the  3.0  pH  treatment, 
probably  as  uptake  to  plants  and  MOj-N  conversion.  The  corresponding 
figure  for  the  3.7  pH  treatment  was  72  percent.  Thus,  an  average  of 
75  percent  of  the  N added  as  NO^-N  was  lost  (adsorbed,  uptaken,  or  con- 
verted), Adsorption  was  probably  minimal.  More  than  90  percent  of  the 
HOj-K  lost  was  in  the  0-15  cm  depth. 

Hydrogen  was  highly  adsorbed  and  acted  as  the  major  replacing  ion 
in  the  acid  rainisoil  system,  averaging  96  percent  adsorption  for  field 
and  column  for  3.Q  pH  treatment  and  S3  percent  for  field  and  column  for 
3.7  pH  treatment.  More  than  95  percent  of  the  H was  adsorbed  by  the 
0-15  cm  depth  for  both  treatments. 


Effects  on  Soil  Chemical  Properties 

Both  treatments  decreased  the  pH  of  the  soil  solution  in  the  column 
study.  The  3.0  pH  treatment  decreased  the  solution  pH  to  below  the 
Initial  soil  pH  of  4.87  and  at  100  cm  rainfall  was  4.2  pH.  The  means 
for  the  irrigation  period  for  3.0,  3.7,  and  4.6  pH  treatments  for  15  cm 
depth  were  4.87,  5.55.  and  6.40  pH,  respectively.  For  75  cm,  the  means 
were  5.92.  6.02,  and  6.93  pH.  respectively.  The  corresponding  figures 
for  the  actual  field  soils  for  the  15  cm  depth  were  4.63,  4.83,  and 
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S.OO.  For  tlie  75  cn  depth,  the  corresponding  Figures  Mere  4.53  , 4.63, 
and  4.73  pH,  respectively.  The  3.7  pH  treatment  decreased  the  soil  pH 
at  15  and  75  cm  by  0.2  and  0.1  pH  units,  respectively.  Corresponding 
figures  for  3.0  pH  were  0.4  and  0.2  pH  units,  respectively. 

The  cation  distribution  in  the  base  exchange  for  Ca,  Kg,  K,  and  Ha 
was  53,  30,  11,  and  6 percent,  respectively,  and  occupied  4.7  percent  of 
the  CEC.  The  treatments  had  the  greatest  effect  on  the  removal  of  Ca  up 
to  77  percent  for  3.0  at  IS  cm  which  also  showed  the  greatest  treatment 
variation.  The  variation  was  narrower  for  Kg  with  K showing  little 
treatment  effect  averaging  32  percent  loss  of  the  K.  Overall  reduction 
for  the  three  ions  at  IS  cm  was  for  3.0  and  3.7  and  controls  were  63, 

36,  and  21  percent,  respectively  {discounting  ion  replacement).  For  the 
75  cm  depth,  reductions  were  37,  IS,  and  11  percent,  respectively. 

Thus,  about  twice  the  amount  of  cations  were  lost  frtrni  the  IS  cm  than 
the  75  cm  depth.  Losses  ranged  from  approximately  2.5  to  0.2  percent 
of  the  CEC.  The  quentitative  movement  of  the  ions  was  also  a reflec- 
tion of  their  relative  concentrations  on  the  exchange  sites  (i.e.,  of 
the  base  saturation).  The  3.0  and  3.7  pH  treatments  removed  the  cations 
in  the  same  order  of  decreasing  dominance  as  available  ions  on  the 
exchange  sites,  i.e.,  Ca,  Ng,  K,  and  Ha. 

Flow  rate  had  little  effect  on  removal  of  ions  from  the  Candler 
soil  although  there  was  an  overall  tendency  for  a slightly  higher  re- 
moval by  the  slower  flow  rate.  Kore  significantly,  a given  flow  rate 
affected  each  ion  differently.  Although  the  rate  removal  curves  were 
similar  in  shape,  flow  rate  had  no  difference  on  Ca  removal,  Kg  was 
removed  directly  with  flow  rate,  and  K was  removed  Inversely  with  flow 
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rau.  Obvfously  «adi  1on  nust  be  assessed  individually  as  to  leach- 
ability  under  specific  conditions. 

More  important  than  rates  of  flow  were  quantities  of  water  applied. 
The  lower  the  quantity  applied,  the  slower  the  movement  of  the  wetting 
fronts,  thus  the  less  rapid  the  transport  of  ions  to  depth  in  the  soil . 
Even  low  quantities  of  rainfall  moved  to  great  depths  in  the  Candler  soil 
and  thus  also  moved  the  ions  to  great  depth  in  the  soil.  Although  the 
magnitude  of  loss  of  ions  varied  directly  with  the  quantity  of  rain 
applied,  the  concentration  of  ions  in  soil  solution  remained  the  same 
regardless  of  the  quantity  applied. 

Concomitant  with  the  ion  loss  in  the  soil  solution,  when  the  soil 
itself  was  analysed  there  was  a corresponding  reduction  in  the  cations 
present.  For  the  3.0  pH  treatment  this  was  50  percent  cation  loss.  How- 
ever, this  was  also  only  about  50  percent  of  the  amount  lost  in  the  acid 
rain  leachates,  which  indicated  a replenishing  of  the  lost  cations  by 
either  weathering  or  input  from  allocthanous  sources.  The  leachate  loss 
was  thus  a truer  indication  of  cation  loss  than  was  the  soil  decrease  in 
exchangeable  cations.  The  removed  cations  from  the  0-15  cm  depth  were 
adsorbed  in  the  15-75  cm  depth  idiich  masked  any  tendency  for  a decrease 
in  soil  cations  due  to  replacement  by  H.  Thus,  ions  were  rennved  below 
the  IS  cm  depth  and  increased  the  base  saturation  in  the  15-75  cm  depth, 
as  well  as  were  moved  to  below  75  cm  depth.  For  the  3.7  pH  treatment, 
the  losses  in  leachate  versus  reduction  the  soil  were  approximately  the 
same.  This  could  preclude  input  from  external  sources  and  attribute 
the  adaitions  to  the  deficit  to  mineral iaation  or  conclude  for  the 
3.7  pH  that  the  figures  were  only  coincidentally  approximately  equal. 
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Actually,  other  calculattons  eiternal  to  the  data  presented  indicated 

treatment  were  0.98  E x 10^/ha  and  the  3.7  pH  treatment  removed 
0.32  E X 10^/ha. 


Hovefnent  of  irrigation  water  in  the  profile  and  the  amount  moving  to 
depth  and  to  the  water  table  was  found  to  be  dependent  on  the  amount  of 
water  applied.  This  directly  affected  the  total  quantity  of  ions  moving 
to  depth  and  to  water  bodies  nearby.  These  parameters  were  established 
for  the  conditions  at  the  site  and  showed  that  by  48  hours  most  of  the 
water  had  moved  below  16  and  75  cm  depth  and  to  the  water  table.  Thus, 
sampling  of  soil  leachates,  especially  at  low  rainfall  amounts,  rust  be 
integrated  over  at  least  a 48  hour  period.  Flux  information  on  initial 
(or  resident  water)  conditions,  movement  of  water  fronts  with  tine  to 
depth  and  its  quantification,  percent  of  water  lost  to  the  water  table 
with  tine,  depth  of  frontal  movement,  and  rate  of  frontal  movement  were 
clearly  established  for  the  rainfall  amounts  applied  in  the  experiments 
and  for  a large  event  to  establish  two-dimensional  flow  in  the  soil  and 
in  the  water  Uble.  The  Candler  soil  quickly  re-established  equilibrium 
moisture  conditions  with  depth  after  each  event,  and  moisture  profiles 
with  depth  to  the  water  table  showed  a stable  curve.  At  96  hours, 
equilibrium  conditions  had  been  re-established  for  both  the  chemistry  and 
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flux  and  Wie  concentration  of  ions  1n  solution  that  had  been  affected  by 
the  acid  rain  had  decreased  to  preirrigation  concentrations.  Thus,  each 
acid  rain  event  acted  as  a pulse  In  the  removal  of  ions  and  quickly  re- 
established equilibrium  conditions.  Water  content  under  natural  con- 
ditions ranged  from  2 percent  at  the  soil  surface  to  12  percent  near  the 
water  Uble  and  was  a normal  water  distribution  pattern  with  depth  at 
the  irrigation  site. 

Each  quantity  of  rainfall  had  a characteristic  series  of  flow  curves 
with  depth  and  time.  The  amount  of  water  lost  to  the  water  table  in- 
creased with  tine.  Water  loss  to  the  water  table  occurred  imediately 
upon  application  to  the  surface  due  to  jiiscihle  displacement.  The  higher 
the  amount  of  rainfall,  the  higher  the  infiltration  rate  with  corres- 
ponding deeper  frontal  movements.  However,  regardless  of  quantity  of 
water  applied  to  the  surface,  there  was  a decreasing  infiltration  rate 
with  depth  which  was  discrete  for  each  amount  of  rainfall.  The  irriga- 
tion water  content  1n  the  soil  decreased  with  time  and  depth  as  the  water 
front  moved  downward.  The  higher  the  rainfall,  the  higher  the  percentage 
removal  of  water  to  the  water  table.  The  higher  the  rainfall,  the  more 
rapid  the  mter  front  moved  to  the  water  table.  The  larger  the  rain- 
fall, the  higher  the  percentage  of  irrigation  rain  that  passed  respec- 
tive depths  at  48  hours.  As  much  as  89  percent  of  a 5 cm  rainfall  roved 
below  IS  cm  by  48  hours  and  84  percent  roved  below  75  cm  by  48  hours 
postirrigation.  The  corresponding  figures  for  7.5  cm  rainfall  were 
98.6  and  89. 7 percent.  Even  a very  large  rain  event  representing  about 
30  percent  of  the  annual  rainfall  did  not  increase  the  volumetric  water 
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the  great  capacity  of  the  Candler  so11  to  conduct  water  rapidly  to  great 
depths.  Movement  of  the  front  to  the  water  table  was  rapid  at  a flow 
rate  of  4S  cm/hr  at  the  water  table  pronimity,  having  reached  the  water 
table  in  only  9 hours  after  application  over  a distance  of  4 meters. 
Infiltration  rates  for  7.5  and  5.0  cm  rainfall  were  14.2  and  11.7  cm/hr. 
The  lower  applied  amounts  of  7,5  and  5 cm  took  27  and  33  hours,  respec- 
tively, to  reach  the  water  table. 

A large  rain  event  moved  about  1/3  of  the  resident  water  into  the 
water  table  before  the  irrigation  water  front  itself  reached  the  water 
table.  By  4fi  hours,  95.5  percent  of  the  irrigated  volume  of  water  had 
roved  into  the  water  table.  For  a very  large  rain  event,  approximately 
50  percent  of  the  water  lost  to  the  water  table  is  resident  water. 

Horizontal  Flux 

A direct  effect  of  the  Irrigated  rain  was  manifested  in  a fluctua- 
tion In  the  water  table  as  discerned  using  recorders  of  water  table  rise 
and  fall.  There  was  little  indication  of  novertical  flow.  Well  re- 
corders used  to  detect  movanent  of  water  into  the  water  table  and  a 
neutron  probe  used  to  follow  roving  fronts  of  water  vertically  in  the 
soil  gave  data  idiich  coincided  very  well  regarding  time  and  quantity  of 
water  moving  to  and  into  the  water  table.  A transect  of  wells  towards 
the  lake  clearly  established  the  magnitude,  extent,  and  tine  of  the 
water  table  fluctuations.  Water  mounding  occurred  rapidly  at  the  water 
table.  A series  of  curve  shapes  were  manifested  as  the  mounded  water 
reached  equilibrium  again  with  the  water  table.  For  even  a very  large 
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rain  event,  this  equilibrium  tin  MS  less  than  72  hours  with  3S  per- 

mounding  of  the  water  at  the  water  table  was  28  percent  (10  cm)  of  that 
Irrigated  on  the  surface.  The  water  table  front  moved  horizontally, 
similar  to  a ripple  effect,  at  a rate  of  3S0  cn/hr  which  was  almost 
5 times  Che  gravitational  hydraulic  conductivity.  This  ms  7 tiees  nre 
rapid  than  the  vertical  frontal  novements  of  43  cm/ha.  The  water  that 
entered  the  water  table  by  miscible  displacement  ms  detected  as  a loss 
before  the  vertical  front  reached  the  Mter  table.  It  was  accounted 
for  by  the  well  recorder  at  the  water  table  as  a gain  prior  to  the 
vertical  water  front  reaching  the  Mter  table. 

A neutron  probe  and  well  recorders  can  be  used  in  conjunction  to 
establish  two-dimensional  patterns  and  account  for  losses  and  gains  in 
each  of  the  respective  Mter  regimes. 

To  calculate  the  quantities  of  nutrients  passing  a given  depth  In 
the  percolating  water,  a factor  must  be  applied  depending  on  the  amount 
of  rain  irrigated  onto  the  soil  surface.  A table  of  factors  ms  estab- 
lished relating  amounts  of  water  moving  past  15  and  75  cm  depth  to  the 
amount  applied  at  0 to  48  hours  posttrrigation.  At  15  cm  depth,  for  1 
to  12cm  rainfalls, the  factors  ranged  from  0.93  to  0.99  percent,  respec- 
tively. For  the  75  cm  depth,  the  factors  ranged  from  0.37  to  0.94 
percent,  respectively. 

Two-Dimensional  Ion  Movement 

The  use  of  soil  solution  suction  cups,  Mter  table  well  recorders 
and  tracers  such  as  iodide  were  used  to  discretely  establish  rates  and 
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the  »tent  of  jon  movements  in  soli  water  phases  both  vertically  and 
horizontaHy.  Complete  vertical  and  horizontal  ion  profiles  were  estab- 
lished for  each  ion.  The  detail  for  these  profiles  depended  entirely 
upon  the  sampling  intervals  and  analytical  effort  iiposed.  Hater  bodies 
can  be  affected  in  relatively  short  periods  from  two-dimensional  flow 
Mter  that  has  fallen  on  soil  in  proximity  to  these  water  bodies.  Coin- 
ciding with  the  water  movement,  the  concentration  of  the  various  ions 
showed  differential  movement  along  the  water  table  similar  to  the  soil 
profile.  Thus,  there  was  a vertical :horlzontal  regime  of  ion  movement. 
Iodide  adequately  traced  the  water  front  and  coincided  with  the  weii  re- 
corder data  verifying  the  time  sequences  of  water  movement.  In  addition, 
the  observance  of  a natural  ion  gradient  which  increased  with  proximity 
to  the  lake  was  a measuring  Indicator  of  ion  movement  slngjly  by  its 
dilution  with  time.  Iodide  was  initially  flushed  vertically  in  the 
soil  moving  with  the  water  front  and  being  distributed  evenly.  As  the 
sampling  times  doubled,  the  iodide  concentration  halved  showing  a rapid 
geometric  decrease  in  iodide  as  the  soil  water  drained.  The  I moved 
rapidly  horizontally  In  the  water  table  and  against  an  increasing  iodide 
natural  gradient  near  the  lake,  and  gradually  decreased  over  a 14-day 
period.  Potassium,  the  companion  tracer  with  iodide,  moved  more  slowly 
but  similarly  to  iodide,  both  vertically  and  horizontally,  toward  the 
lake  28  m distance.  Calcium  and  magnesium  decreased  vertically  in  the 
soil  profile  with  time.  In  the  water  table  regime,  the  zone  of  increas- 
ing concentration  became  more  restricted  three-dimensionally  for  Ca  and 
Mg  than  K and  I.  The  trend  of  pH  depression  with  time  was  observed  in 
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some  distance  from  the  site  of  Me  rain  event  and  H was  carried  towards 
the  lake  showing  iMkimum  effect  at  48  hours.  Although  Ca.  Mg,  and  K 
and  I could  be  observed  in  the  water  table  in  prokimity  to  the  lake,  A1 
was  not  detected  in  quantities  above  background,  the  A1  in  the  lake  being 
above  that  along  the  water  table.  The  electrical  conductivity  showed  an 
overall  increase  vertically  in  ion  concentration  with  a naxinuoi  at  48 
hours.  In  the  water  table  regime,  Mere  was  a concentration  front  that 
moved  discemibly  with  time  towards  the  lake.  However,  the  chemical 
front  was  delayed  conpared  to  the  physical  water  front,  roving  at  a rate 
of  1 m/day. 

Anions  moved  rapidly  in  both  Me  vertical  and  horizontal  phases, 
roving  essentially  wiM  the  waur  front.  The  rate  of  mcvenent  for  the 

table  in  proximity  to  Me  irrigaMd  plot  was  more  restricted  for  the 
cations  Man  for  the  anions. 

There  wes  a natural  ion  concentration  gradient  around  the  lakes  in 
the  study  area.  This  gradient  increased  with  increasing  proximity  to 
the  lake  edge.  Me  well  nearest  Me  lake  (about  3 m distance)  having  Me 
highest  concentration  of  ions.  The  ion  concentrations  in  the  lake  water 
were  also  Tower  Man  in  the  near-lake  region.  Thus  a series  of  con- 
centric rings  could  be  drawn  around  the  lake  showing  decreasing  ion 
concentration  with  distance  from  the  lake.  Thus  nutrient  supply  to  the 


lake  via  Me  water  table  would  be  generally  negligible  when  considering 
Me  flushing  effect  of  the  gradient.  However,  rovement  of  A1  in  the  soil 
leachate  in  close  proximity  to  lake  systems  could  be  potentially  a hazard 


evaporation 


graPie 
In  the 


table 


table,  the  gradient  would  be  tocK  decreased,  and  a more  direct  effect  of 
the  horUonUl  movemenc  of  ions  In  the  water  table  towards  the  lake 
Muld  be  expected. 


Ion  het  Lossi 


lonswereJflst  from  the  so11  with  each  and  every  rainfall  event.  The 
net  losses  of  cations  and  anions  for  the  field  and  colurai  studies  showed 
similar  trends  regarding  the  magnitude  and  relative  Tosses  among  Ions. 
Although  greater  Ion  movements  were  noted  In  the  field  experiments  *,e 
to  natural  ambient  conditions  and  the  effects  of  cumulative  events,  the 

sent  and  depth.  Each  ion  was  different  regarding  magnitudes  of  losses. 

Field  net  losses  for  cations  and  anions  for  3.0  pH  treatment  at 
15  cm  depth  for  Ca.  Kg,  Al.  Na.  H,  K,  SO,,  Cal,  NO3-N.  and  P were  49. 

10.  14.  2.  0.01.  0.  264.  8.  6.  and  0 hg/ka,  respectively,  for  a total 
of  343  kg/ha  [10. g E < lo^/ha).  For  the  3.7  pH  treatment  at  15  cm.  the 
corresponding  net  losses  were  II.  3,  1.  1.  0.  0.  43,  .4,  and  0 kg/ha, 
respectively,  for  a total  of  60  kg/ha  (1.9  E x loVha).  For  the  75  cm 
ig  figures  for  the  3.0  pH  treatment  were  2D.  8.  0.1, 

0 kg/ha,  respectively,  for  a total  of  155  kg/ha 
the  corresponding  figures  were 


depth,  ( 

3,  .01.  0.  101.  22. 

(4.6  E X 10^/ha),  for  the  3.7 


12,  2 


f 55  kg/ha  (1.5  E x 10^/ha).  The 


ind  0 kg/ha,  respectively,  for  a 
ignitudes  of  cation  losses  foi 
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field  eiperlnent  for  the  both  depths  end  treetments  3.0  end  3.7  pH  were 
thus  es  high  as  SO  kg/ha  and  for  the  anions  as  high  as  2S4  kg/ha.  Cor- 
responding figures  for  the  column  study  were  55  kg/ha  and  338  kg/ha. 

The  net  loss  of  ions  from  the  3.0  pH  treatment  was  thus  considerably 
higher  than  for  the  3.7  pH  treatment.  The  order  of  decreasing  loss  for 
the  three  nutrient  cations  was  Ca:i^:K  for  both  field  and  lab  studies 
for  both  treatments  and  both  depths.  This  order  of  net  loss  was  in  pro- 
portion to  their  availability  on  the  exchange  sites.  Essentially  no  net 
K was  lost  due  to  treatment  effect.  Calcium  was  the  cation  showing 
greatest  net  loss. 

The  field  experiment  showed  more  sulfate  adsorption  than  the  column 
experiment  for  both  depths  and  both  treabnents.  This  could  be  explained 
by  the  nature  of  the  pulsed  rain  for  the  field  applications  compared  to 
the  continuous  column  applications.  However,  the  proportions  adsorbed 
were  similar  for  field  and  colunei  experiments.  Both  field  and  column 
experiments  showed  that  more  than  SO  percent  of  the  SO.  was  adsorbed 
by  7S  cm  from  the  15  cm  depths  for  both  treatments  at  both  depths. 

Nitrate  showed  great  variation  idien  conparing  field  and  column. 

Much  more  NO^-N  was  adsorbed  or  lost  1n  the  field  than  in  the  columns 
which  could  readily  be  explained  by  plant  uptake  and  microbial  conver- 
sion processes  in  the  field.  Indeed,  such  differences  would  be  expected 
when  conpared  to  the  input  N concentrations.  Anm«i1um-K  showed  elevated 
losses  above  that  added  in  the  rain  in  the  field.  Obviously,  the  excess 
HH,|-N  was  the  result  of  conversion  of  the  NOj-N  by  microorganisms  and 
adding  both  forms  of  N much  more  closely  approximated  the  N added  in 
the  rain  solely  as  hO^-N. 
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Host  of  the  eddeh  K was  adsorbed  for  both  experiments  treatments 
and  for  both  depths.  Since  the  H was  the  major  ion  added  In  the  system, 
it  obviously  played  a major  role  in  the  exchange  processes  internally 
in  the  soil.  Hone  than  92  percent  of  the  added  H was  adsorbed,  the  mean 
over  depth  and  treatment  being  95.4  percent.  Hydrogen  adsorption 
accounted  very  well  for  the  sun  of  the  replaced  cations.  Any  imbalance 
that  occurred  for  both  treatments  at  75  cm  depth  could  be  accounted  for 
by  the  quantity  of  A1  inuiobll ited  in  the  15-75  cm  depth.  Very  little  H 
was  thus  lost  or  adsorbed  In  noneichange  reactions  such  as  adsorption 
by  the  organic  matter  phase. 

Aluminum  wes  mobile  in  the  Candler  soil.  Both  field  and  column 
experiments  recorded  losses  even  in  the  controls.  A high  percentage 
of  the  A1  (more  than  55  percent)  that  passed  the  15  cm  depth  was  ad- 
sortied  by  the  75  cm  depth  for  both  treatments  for  both  experiments. 

Thus,  although  A1  showed  great  mobility  with  depth,  the  Candler  showed 
a great  capacity  to  irmobiliie  the  A1  with  depth.  The  treatments  3.7 
and  3.0  pH  reircved  past  15  cm  approximately  4.5  and  20  times,  respec- 
tively, that  moved  past  15  cm  by  the  control  treatment.  Similar  figures 
for  the  75  cm  depth  were  1.5  and  15  times  the  control.  Although  the 
loss  of  A1  was  quantitatively  substantial,  being  as  much  as  5B  kg/ha, 

which  was  95  percent  Al-saturated.  SubsUntlal  quantities  of  A1  also 
moved  past  the  75  cm  depth.  However,  only  in  the  3.0  pH  treatment  at 
15  cm  depth  was  the  concentration  of  A1  in  soil  solution  above  0.2  mg/L 
and  which  could  be  toxic  to  plant  noots.  Net  losses  of  A1  at  15  cm 
depth  for  3.0  and  3.7  pH  treatments  were  54.9  kg/ha  and  10.4  kg/ha. 


respectively.  Correspondirg  net  losses  for  ?5  cn  depth  nere  24.6  end 
0.8  kg/ha,  respectively. 

Hass  balance  data  shoxed  goad  agreement  in  the  catfonianion  balance 
and  that  the  analysis  was  of  high  quality.  There  ws  only  a 1.8  percent 
difference  between  the  sum  of  cations  and  anions  for  the  two  treatments 
at  the  two  depths.  The  mass  balance  data  also  showed  that  the  column 
and  field  experiments  compared  well  which  was  one  of  the  hypotheses  for 
the  study.  Hass  balance  data  agreed  better  for  the  3.7  than  the  3.0  pH 
treatments. 

On  a quantitative  net  basis  {treatment  minus  control),  the  3.0  pH 
treatment  removed  a total  of  408  kg/ha  (14.6  E x lO^/ha)  of  ions  below 
the  15  cm  depth  and  242  kg/ha  (8.7  £ x lO^/ha)  below  the  75  cm  depth. 

This  showed  the  magnitude  of  ion  loss  and  also  41  percent  adsorption  with 
depth.  The  corresponding  figures  for  the  3.7  treatment  were  77  kg/ha 
(3.2  £ X ioVha)  and  69  kg/ha  (2.3  £ x lO^/ha),  respectively,  for  a 
10  percent  adsorption. 

Generally,  laboratory  column  studies  can  closely  approximate  field 
studies.  Due  to  the  variability  in  response  to  the  ions,  no  one  treat- 
ment, application  rate,  or  quantity  applied  will  correlate  well  for  all 
ions  for  both  field  and  column  studies.  Degree  of  agreement  between 
field  and  cdlumn  studies  is  dependent  on  many  factors,  not  the  least 
being  amount  of  rainfall  applied,  the  natural  ambient  rainfall  for  the 
period  on  the  field  site,  and  the  depth  of  soil  being  compared. 

Field  losses  of  ions  congiared  well  with  the  15  cm  depth  in  the 
column  studies  under  low  application.  Higher  field  applications  of 
acid  rain  agreed  better  with  the  75  cm  depth  in  the  column  study. 
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Agreenent  in  1on  losses  were  within  8S  percent  for  both  ccmdltlons, 

Thus  the  study  of  movement  of  Ions  by  laboratory  soil  columns  compared 
well  with  field  studies  and  viable  conclusions  can  be  drawn  about  field 
soil  losses  of  nutrients  by  laboratory  soil  columns. 

For  the  3.7  pH  treatment,  the  data  for  the  lower  amount  of  rainfall 
(1931)  showed  a net  Ion  loss  of  88  percent  of  the  column  data  for  the 
15  cm  depth.  This  compared  with  SS  percent  for  1982  under  larger  rain- 
fall amounts.  At  the  75  cm  depth,  the  larger  amount  of  rainfall  (1982) 
agreed  better  with  the  column  Ion  loss,  being  88  percent  of  the  column 
loss.  Thus  the  dynamics  of  water  flow  under  field  conditions  will 
affect  the  correlation  with  laboratory  studies.  It  Is  apparently  much 
more  critical  to  sUndardIze  colum  conditions  to  field  conditions  for 
application  rate,  pulsed  amounts,  etc.,  for  short  surface  coluams.  How- 
ever, pulsing  rain  under  unsaturated  conditions  In  the  laboratory  would 
be  estrenely  time-consuming  and  would  defeat  the  concept  of  approxlnatlng 
field  conditions  by  laboratory  studies  using  a simplified  rapid  method. 


jjjJI  ii 


TDH  - Hp  + » .75 


"'■  s!:,:.rs.!'s- fss-ffii,'-;.’  rp.v:i.SL.. 


= 7.26  ft 

3 (0.04  * 0.4  X 2.31)  » 2.34' 
3 (S.8  X 0.2  X 2.31)  = 8.04' 
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Hf,3  = 3 U X 0.6  X 2.31)  • 4.17' 
^fll23  * * 6.04'  + 4.17'  * 14.6' 

= vertical  fise  - 41.5' 


° suction  nead  or  lift  delow  pump  to  pi 

if  30  ft  from  lake,  the  rise  Is  about 
to  the  pump  2"  pipe  PVC;  24  gpn 

Hj  • 5'  ♦ (0.36  X 2.31  X 0.3  » 5')  t .25' 
TOH  = 87.8'  ♦ 7.26'  * 0.75  (14.6')  ♦ 41.5' 


5'  from  the  lake  surface 
5.25' 

^ 5.25'  - 152.8'  of  head 


There  are  some  driction  losses  through  the  various  valves, 
gauges,  meters,  e1bo»s,  etc.  Estimated  to  be  1 psi  or  2.31' 

nf  hexff 


TDH  ■ 152.8 


155.1' 


Frcm  the  graph  of  efficiency  provided  with  the  pump,  this  pulp  will 
supply  ample  TOH  and  thus  gpm  to  push  the  system,  i.e.,  at  slightly 
higher  psi  (38-40)  than  in  the  calculations  for  the  first  pump,  the 
pump  will  supply  150  gpm  full  throttle.  We  reguire  only  24  gpm,  so 


Note;  When  the  Chemilizer  is 
extra  TDH  loss  occurs  to  push 


operation  for  the  acid  rain  irrigation, 
dilution  system  of  that  instrument 


ssiSkh;  s.r:r  !3’;;.ss.r  '■■’■ " ■“■ 
sru'!R;s=S.*:n,r;:s.l’ 
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pH  = 3.0  . O.OOl  3 hVl  = 1000  ueq/L 
pH  = 3.7  - 0.0001995  g hVl  • 199.5  ueq/L 
pH  - 4,7  - 0.0C001995  g hV  . 19.95  ueq/L 


Id  PH  of  the  total  watPr  cn  th. 


sK.!'s:;sr;; ksckus:  :: 


islyrirsi.' 
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Total  H loading  ■ acid  H*  + normal 
• X ♦ 3.5X 

4.5X  • 0.0001995  g H /L 
4.5X  = 0.0002692  g H/L 
X * 0.0002692/4.5 
X ‘ 0.0000698  g H/L 
X ■ 59.8  ueg/L 
pH  ‘ 4.22 


(0.00D0I995)  g H^/L 


Tlie  equivalent  loading  chat  would  result  in  the  present  volume 
if  rainfall  annually  on  56"  basis  not  72“  basis  would  yield  a 
weighted  pH  of 


3.SX  V 0.0002692  g H/L  (as  above) 
X > 0.0000769  g H/L 
X = 76.9  ueq/L 
pH  = 4.11 

b)  pH  3.7;  32"  irrigated  simlated  acid  rain: 


Total  water 


= S6'  (annual  rain  normal) 
32'  (artificial  imposed) 
(natural  + irrigated) 


The  volume  weighted  pH  of  the  anticipated  88"  of  rainfall  is 


let  X • 32"  = H loading  from  acid  rain 
let  1.75X  ■ H loading  from  control  rain  = 56" 


Total  H loading 


acid  H r normal  H 
X ♦ 1.7SX 
2.75X 

0.0001995  * 1.75  (0.00001996) 
0.0002343 


pH 


4.07 


The  equivalent  loading  if  the  total  H loading 


occurring  in 


1.75X  * 0.0002343 
X • 0.00013339 
pH  = 3.87 


')  pH  3.0;  32"  irrigated  simulated  acid  rain; 

Total  water  on  plots  areas  * 88' 

Total  H loading  ■ 2.75X  if  in  88"  or  1.75X  if  in  56" 
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S:S!  £!!!:;:  Si 


Sis'"””™ 


;::,s  SK:.;;:.a,r" '“'  "• '"  ’■"  '"’■- 
S! : a;  ssK."' 


!Si^v/.!^i'i.sss*^s;ruu.i;r;.w 
rnju’:  :!:^r:^ss:r!KriS^ 

s'iiiiSiA?.;  °'“  ■ “ = ""“  ■ K 


ii;.;,“',r:r.!;i"M;: 


log  0.9801  = 0.01.  till  very  concentrated. 

ss  “Vi!  “•  “ 

SS!:!;  !:S!KS:S:SS!Kaa 

illipi^ 


id  siv.!" 


S'i-ciitiS  s'ss:,s-:-.sa": 

Slpistfsk 


£ S ’.:i;  S:Z;!Vo”aS!S‘.ViSrs  ;«'S.SiS” 


KX«’  r.T  '=:.r-  "■-": 


aiJH  a.°; 

a)  LFse  prepared  acid  concentrate  as  1 above. 


well. 


for  above 


167,500  =■  factor  for 
3.7  pH 

= 30,780  = factor  for 
3.0  pH 


APPENDIX  IV 

SULFATE  AND  NITRATE  IN  THE  SIMULATED  ACID  RAIN 


.OOOaEA  N 

, 0.000824  N X 48  g/L  • 0.D39S  g/L  • 39. S ng/L 


or  46.8  X 10.093  » 472.4  kg/Na 


. 0.0001S4S  X 14  g N/L  • 0.00217  g/L  • 2.17  ng/L  NO3-N 
in  lake  - 0.16  mg/l  NO3-N 
2.33  eg/L  NO,-N 


8 = 0.0072384  g/L  ■ 7.24  mg/L 
in  lake  = 7.3  mg/L 


.e.,  0.0000284  X 14  * 0.0003974  g/L  ■ 0.397  ng/L 
in  lake  ■ 0.14  ng/L 
0.537  mg/L 

r 5.42  kg/ha  NO,-N  or  24.06  kg  NO,/ha 
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187,382.  When  sutistUuting  these  factors  In  the  above  calculations, 
sulfate  at  3.08  pH  treatment  • 420.0  Icg/ha  and  NO^  at  3.06  pH  • 90.3 
(472.4  and  104.2  theoretically  from  3.00  previous).  The  SO,  and  NOj  for 
the  3.75  pH  treatment  • 138.7  and  22.1  kg/ha.  respectively  (14.8  and 
24.2  from  3.70  previously).  So,  although  the  same  percentages  apply, 
the  quantity  added  decreased.  It  was  important  to  establish  these  added 
quantities  If  losses  by  adsorption  or  conversion  are  to.be  estimted. 


Table  IV. 1.  SO,  and  NOj  added  to  plots  (kg/ha). 


3.0  3.7  4.69  (control) 


73.7 

6.3  (1.42) 


75.6  (102X) 
6.7  (106S) 

J Recovery  (*)  SO,  • 102.5* 

NO3  ° 98.0* 

(factor  for  mg/L  to  kg/ha  for  100  cm  rain) 

mg  X 75,700  > 133.33  x 10'®  kg/mg  = 10.093 


Parameter 


90.3  (20.4) 


417.9  (99.5*) 
92.0  (101*) 


138.7 
22.1  (5.0) 


147.3  (106*) 
19.2  (87*) 


APPEKDIX  V 
ACID  DILUTER  SYSTEM 

A 1:1000  dilution  Is  required  to  Inject  0.0001796  g H*/L  Into  the 
system  for  Irrigating  at  a pH  of  3.7  In  the  simulated  acid  rain.  The 
"chemlllzer"  dlluter  has  two  settings  for  solution  control.  Inflow 
water  from  the  mainline  can  be  adjusted  In  the  range  of  0 to  6 gpm. 
Injector  acid  water  flow  can  be  adjusted  In  the  range  of  0 to  5 oz/min 
(opm). 

Mainline  gpm  = 24  gpm  or  24  » I283  • 3072  opm 

therefore  a rate  of  3072/1000:3072  opm  • 

3.072  ounces  per  24  gallons  ' 

1:1000 

3.072  is  midrange  on  the  acid  Inflow  line)  3 gpm  Is  midrange  on  the 

Thus  reduce  the  mainline  gpm  to  21  from  24,  leaving  3 gpm  to  flow 
through  the  inflow  line  In  the  Injector  which  will  bypass  the  injector 
line  and  pick  up  3.07  ounces  of  acid  solution,  thence  to  exit  into  the 
mainline  and  increase  flow  rate  to  24  gpm. 

At  this  rate  of  3.1  oz/min  = 186  oz/hr  or  186  x 1.06  = 197  oz  will 
be  used  for  the  1520  gallons  required  for  Irrigation  {I")  on  the 
transect.  Thus  a 4 gallon  tank  will  adequately  contain  the  197  02 
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(197/128  • 1.54  gallons  US)  required  for  eacK  Inch  irrigation  (198)  for 
a supply  for  2 Inches  (1982).  The  ratio  of  acid  so1ut1on:1ake  xater 
after  Injection  In  the  dlluter  and  premiiing  In  the  nslnline  Is  3.07:384  • 


APPENDIX  VI 

COEFFICIENT  OF  UNlFORHin  FOR  PLOT  IMPACT  SPRINKLERS 

Two  tr1o1s  were  nm  on  » temporary  assembly  of  ttie  Spr1nl(1er:p1ping 
system  for  one  plot  actual  size. 

Source  of  water  was  an  outside  tap  at  tlie  soil  science  greenliouses 
at  the  University  of  Florida.  Pressure  was  not  regulated  to  3D  psi. 
Sprinklers  were  set  uniformly  and  to  a radius  of  about  5 feet  beyond 
the  adjacent  sprinkler.  Radius  of  33  ft  with  distance  between 
sprinklers  I 28.4  ft  on  the  square;  4 sprinklers  per  plot. 

Beakers  were  set  out  In  a concentric  square  pattern  along  the  pipe 
and  In  the  four  quadrants;  600  mL  beakers  were  used.  Irrigation  time 
was  about  40  minutes  each  time.  Measurement  was  mde  using  a graduated 
cylinder  reading  In  mL.  A11  nine  field  plots  were  subsequently 
checked  periodically  and  adjustments  made  to  retain  a high  CU. 
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Tahle  VI. 1.  Coefficient  of  uniforoilty  for  plot  irpact  sprinklers. 


61  6 

60  5 

62  7 

63  e 

56  0 

55  0 

58  3 

60  5 

62  7 

56  1 

33  22 

57  2 

29  26 


X = 55 


CU  - 100  (1-92/711) 
* 100  (1-.129) 

- 100  (.871) 

■ 87* 


49  3 

43  3 

45  1 

45  1 

55  9 

54  8 

46  0 

32  14 

55  9 

34  12 

43  3 

55  9 

601  73 

13 
46 

CU  » 100  (1-73/601) 

= 100  il-.l21) 

- 100  (.88) 


ling  above  80*  is  very  satisfactory. 


APPENDI*  VII 

PORE  VaLUE  AND  DISPERSION  USING  TRITIIH 

■Rie  colurais  1n  each  set  for  the  two  depths  were  very  uniform  in 
dispersion.  Thus  any  differences  in  the  chemistry  of  the  filtrates 
among  treatments  can  be  attributed  to  treatment  effects. 

The  intercept  at  oidsTope  in  the  curve  established  the  pore  volune 
for  the  colunei.  This  coincided  very  closely  with  the  calculated  pore 
volume  determined  gravimetrically.  The  pore  volume  of  the  15  cm  and 
75  cm  columns  averaged  292  and  1410  mt,  respectively.  This  indicated 
little  change  in  pore  volume  with  depth.  This  would  be  expected  since 
the  Candler  is  a medium  sand  uniformly  to  considerable  depth. 

Since  the  breakthrough  curves  obtained  from  these  experinents  fit 
the  Brenner  solution  for  convective-dispersive  transport,  it  was  assuned 
that  no  channeling  had  occurred  in  the  columns.  If  this  were  true, 
then  physical  properties  were  assumed  to  be  similar  and  therefore 
chemical  comparisons  could  be  made  more  confidently. 
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POflE  VOUntE  VS.  1 S cmCOLUMN 


ml  TRtTIATED  WATER 


Figure  VII. 1.  Pore  volume  and  dispersion  in  a column  soil  usino 
tritium. 


CHEMICAL  AMD  PHYSICAL 


APPENDI)!  VIII 

CHARACTERISTICS  OF  THE  CAHDLER 


Table  VIII. 1.  Chemical  and  physical  characteristics  of  the  Candler 
soil . 


Plot  Distance  from  Lake  (o) 
40  eo  120 


Exchange  0-7.5  4.15  4.31  4.18  4.21 
Capacity  0-15  3. 48  3.34  3.51  3.44 
(■e/100  g)  15-75  2.34  2.10  2.01  2.15 


Extractable  0-7.5  4.05  4.17  3.98  4.07 
Acidity  0-15  3.40  3.20  3.36  3.32 
(me/100  g)  lS-30  2.30  2.01  1.93  2.08 


Base  0-7.5  2.41  3.25  4.78  3.48 
Saturation  0-15  2.30  4.19  4.27  3.73 
(t)  15-75  1.71  4.29  3.98  3.53 


Ca  Kg  K Na  H A1 


Percent  0-7.5  2.04  .55  .31  .48  .02  96.6 

of  CEO  0-15  1.83  .78  .29  .67  .02  96.5 

15-75  1.53  . 79  .14  . 79  . 03  96.7 


14  S 

Interlayered  Kaolinite  Quartz 


Clay  * 

Fraction  0-15  38  35  27 

Analysis  15-75  48  27  25 


Bulk 

Density 

0-15 

0-75 

!:!! 

Saturated 

Hydraulic 

0-15 

Conductivity 

1.25  cm/min  74.7  an/hr 

0-15 

4 8 

15-75 

4.60 

15-75 

0.62 
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